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FOREWORD 

This  report  was  compiled  by  the  Materials  Integrity  Branch,  Systems  Support 
Division,  Materials  Laboratory,  Air  Force  Wright  Aeronautical  Laboratories, 
Wright-Patterson  AFB,  Ohio.  It  was  initiated  under  Task  24180704  "Corrosion 
Control  &  Failure  Analysis"  with  Fred  H.  Meyer,  Jr.  as  the  Project  Engineer. 
The  1987  Tri-Service  Conference  on  Corrosion  is  a  follow-up  of  eight  prior 
conferences  held  in  1967,  1969,  1972,  1974,  1976,  1978,  1980  and  1983. 

This  Report  (Vol  I,  Vol  II)  includes  all  available  papers  from  the  1987  Tri- 
Service  Conference  on  Corrosion. 

This  technical  report  was  submitted  by  the  editor. 

Proceedings  of  Prior  Conferences  are  available  in: 

1.  AFHL-TR-67-329  (1967)  (AD  826-198) 

2.  MCIC  73-19  (1972)  (AD  771345) 

3.  ATOL-TR-75-42  Vol  I,  Vol  II  (1974)  (ADA  021053,  ADA  029934) 

4.  MCIC-77-33  (1976)  (ADO  49769) 

5.  MCIC-79-40  (1978)  (AD  A-  73054) 

6.  AFWAL-TR-81-4019  Vol  I ,  Vol  2  (1980)  (ADA  106803) 

(ADA  115785) 

7.  1963  Tri-Service  Corrosion  Conference  Proceeding  Naval  Ship  PSD  Center 
Annapolis,  HD  20084. 

The  purpose  of  the  1987  Conference  was  tc  continue  interservice  Coordination 
in  the  areas  of  corrosion  research  and  corrosion  prevention  and  control. 
Specifically,  the  objectives  were  to  make  Department  of  Defense  personnel , 
contractors  and  interest  individuals  aware  of  the  important  Corrosion  problems 
in  Military  equipment,  to  present  the  status  of  significant  corrosion  research 
projects  currently  pursued  by  the  military  services  and  to  provide  a  general 
forum  for  exchange  of  corrosion  prevention  and  control  information. 
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1987  TRI-SEPVICE:  CORROSIOfi  COMFERENCE 
nPENIHG  REMARKS 
bv 

FRED  H.  MEYER  JR.'  GENERAL  CI.'AIP.HAM 


Welcome  to  the  Ninth  Biannual  Tri-Service  Corrosion  Conference.  This  Confer¬ 
ence  was  established  in  1967.  Sponsorship  alternates  among  the  Air  Force, 
Navy  and  Army. 


This  year's  Conference  is  sponsored  by  the  Materials  Integrity  Branch,  Systems 
Support  Division  of  the  Air  Force  Wright  Aeronautical  Laboratories,  Materials 
Laboratory,  Wright-Patterson  Air  Force  Base,  Ohio. 


Corrosion  of  equipment  continues  to  be  a  major  problem  for  the  Armed  Forces, 
so  the  purpose  of  this  Conference  is  to  present  current  research  and 
development  relating  to  current  problems  in  corrosion  control  and  prevention 
of  deterioration  of  military  and  aerospace  systems  due  to  corrosion. 


Each  Service  has  large  numbers  of  aging  weapon  systems  which  require  strona 
corrosion  control  efforts  for  their  survival.  Increasingly,  more  complex  new 
weapon  systems  being  developed  by  the  Services  also  requirf-  very  st'^ong 
corrosion  prevention  design  surveillance. 


A  tree  exchange  of  the  best  methods  currently  evailablp^cr  combating  the 
serious  corrosion  problem  will  load  tc  the  incorporaticn  of  better  materials 
and  methods  in  the  acquisition  of  new  systems.  Discu^iors  by  leading  experts 
in  the  field  and  the  airing  of  current  problems  wiyf  not  only  provide  valuatile 
guidances  to  the  Air  Force,  Navy,  and  Army  programs  ,  but  will  assist  in 
stimulating  high  level  technical  people  from  key  industrial  and  academic 
organizations  tc  assist  in  solving  critical  DOD  corrosion  problems. 


Tiie  earlier  Tri-Service  Corrosion  conferences  concluded  that  greater  imp'’ '-men¬ 
tation  of  existing  technology  is  especially  needed  within  the  Services.  Thor<^ 
has  been  considerable  difficulty  in  the  past  in  uiiploiK-nting  transitioning  In 
the  state-of-the-art':,  in  solving  design  and  field  p’^oblcm':. 


This  has  been  one  of  the  major  goals  of  the  Tri-Servicc  Corrosion  Conferences 
in  the  past  and  vill  continue  be  a  primary  goal.  fir-  Confei^'-ncr  is 
dedicated  to  the  rapid  efficiort  transfer  in  advanced  stato-nf-* ft -art  locn- 
nology  in  corrosion  science  ^nd  engineering  into  the  diiect  u';,-.  if  :hi.>  [ooduc 
tion  of  more  effective  svstenis  tor  natii.ral  defenst. 


We  hope  by  the  sponsorship  of  tins  conferenct-  to  make  a  signific’nf.  c.ntribu- 
tion  to  keeping  our  oefensc  systems  more  reliable,  more  durable  ard  ecotiorr'c  al 
by  providing  an  open  forum  for  the  discussion  c'f  corrosion  pruhl -..ms  i.’hich  at 
the  present  tine  plague  all  ot  the  serv'ces. 


The  papers,  will  be  presented  in  concurrent  sessions  aft^r  Isi.v.;- 
the  balance  of  the  Conference.  Tiiey  ivill  be  in  t|, -s  hall  a’ 
designated  hall.  Please  feel  frro  tc,  iiuve  from  sr'^sioii  t,  sr,, 
of  significant  intcresi.  to  you  ar.:  preemted  at  diiferorr.  se'-^if'ns. 


'i,'  for 
h’  rther 
ii  pd'eors 


SSS 
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I  would  like  to  recognize  at  this  tine  the  members  of  the  Executive  Planning 
Committee  without  whose  considerable  personal  efforts  this  Conference  would 
have  not  been  possible.  Also,  I  would  like  to  recognize  at  this  time  members 
of  the  National  Association  of  Corrosion  Engineers  Technical  Committee  T9 
Corrosion  of  Aerospace  Equipment.  This  Committee  and  its  Subcommittees  are 
meeting  here  in  conjunction  with  the  1987  Tri-Service  Corrosion  Conference. 


This  Conference  has  been  recognized  by  the  DOD  Joint  Logistics  Commanricrs  as 
the  prime  forum  for  interchange  of  corrosion  information  between  each  of  the 
Services  and  their  contractors. 


Our  next  speaker  is  Colonel  John  P.  May,  Acting  Dean  of  Faculty  of  the  Air 
Force  Academy. 
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overview  oi  ’.ne  Hir  rcrce  Corrosion  rrotfram 

i'ne  Air  Horce^Ar^c  Corrosion  rrosram  oil  ice  was  estaoiisnea  in 
octoDer  ibivy  ana  is  locat-ea  at  KODins  hKu  'ja  .  ihis  oiiice  naa  L2 
Materials  tnaineers  ana  two  br.  nniisteo  Corrosion  boeciaiietE. 


•  * 

•  V 
%  %  ' 
^  V*  V 

%  1^“  I 

<4 

>C“ 


ArK  400-44  entitled  Ar  Corrosion  rrotfram  orovides  the  authoritv 
lor  this  orotfram.  This  retfuiation  covers  corrosion  orevention  as  a 
primary  aesitfn  criteria.  it  covers  maintenance  activities,  command- 
wiae  corrosion  protframs  ana  orocurement  reaui remen ts .  Ine  AFLC/AFSC 
supplement  to  this  retfuiation  rurther  aetaiis  the  resoonaibie  lor 
each  ortfanization  witnin  tnese  co mma n a s . 

The  ortfanizationaA  networK  is  one  ol  the  ma’cr  Kevs  to  a 
worKaoie  corrosion  protfram .  Corrosion  Manatfers  are  aesitfnated  lor 
ail  ooeratintf  commanas  a.na  a-Cs  .  with  r  esoons  i  di  i  1 1  v  tor  the 
protframs  in  tneir  resoective  areas.  Corrosion  monitors  ana  points 
OI  contact  are  aesitfnateo  tor  a.»i  Af  ortfanizations  with  anv 
corrosion  i  n  v  o  •  t'  e  me  n  t 

Corrosion  rrevention  Advisory  Boaris  .CFAbs'  are  essential  to 
tr.e  An  Corrosion  rrotfram  inese  ooaras  estaOiisnea  lor  aii  weapon 
systems  ana  ma ’cr  suds  vs  terns,  review  ai.  asoects  oi  corrosion  lor 
that  system  ana  maKe  recommenaat  i  ons  to  tne  rrotfram  mar;atfers.  'inese 
resccnsiDi^ities  river  aesitfn  reviews,  materia.s  ana  processes, 
c  o  r  r  o  3  i  0  -'i  t  e  v  .n  r,  i  c  a  -  a  a  t  a  .  ma  i  r,  t  e  n  a  n  c  e  practices,  etc. 

.oeratintf  comm.ana  corrosion  prevention  ana  rcntroi  surveys  are 
aiso  a  Kev  eiement  oi  tne  Ar  rrotfram..  tacn  cr.mmana  is  survevea 
every  lour  vears.  ihese  surveys  cover  ai.  aspects  oi  the  corrosion 
orotfram  inciuaintf  trainintf  laci*ities.  command  retfuiations.  suroiv 
system,  as  weii  as  tne  actua.  eauioment  itstii. 

ine  Ar  Corrosion  .■'rotfram  Manatfer  aiso  nas  manv  otner  responsi- 
oi*ities  wnicn  are  essential  lor  an  eilective  orotfram.  ihese 
inciuae  tne  auarter..v  Corrosion  bummarv  witn  near..v  l.uoc  cones 
wnicn  are  circu.ated  tnroutf.twUt  ^'U'L> .  a  wondwiae  Corrosion  Frotfram 
Manatfers  meetintf  .s  neio  a.nnuai.v  t;  orina  tttfetner  tnose 
resconsiOie  lor  tne  various  asoects  o:  corrosion  oreventior  and 
contro...  Assitfnm.ent  ana  mcnittrintf  ci  action  items  Irom  tne 
manatfers  meetintf  ana  .'cmmai.  a  burvevs  assures  continuintf  eilort 
wit  n  in  re8oonsio..e  ortfanizations.  ...ai^v  contacts  with  tnose 
resoonsiDie  lor  oo.icv,  a  a  mi n i s t ra 1 1 on .  researcn  ana  development, 
etc  are  Kevs  t  c  tne  orotfram 
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ABSTRACT 

Microbiological ly  induced  culi  i  ion  in 
90/10  Cu-Ni  pipes  was  evi' eared  using 
estuarine  water  fiom  the  ..li.  <  *  -.exico 
at  the  mouth  of  the  Pasc-ig.  ul  Kiv;  r 
maintained  at  a  flow  ute  >1  V  ‘r^se: 
over  an  8— month  period.  The  liupact  of 
surface^  preparation,  batch  FeSO^  (50 
ppb  Fe'^  for  48  hours)  pretreatmenc  and 
intermittent  treatment  was  evaluated. 
Surface  deposits  were  characterized  by 
scanning  electron  microscopy  and 
energy-dispersive  x-ray  fluorescence 
spectrometry.  Water  analyses  Included 
pH,  dissolved  oxygen,  dissolved  sulfide 
and  sulfate,  total  organic  carbon, 
total  suspended  solids  and  dissolved 
heavy  metal  analyses,  as  well  as  quan¬ 
tification  of  bacteriological  com¬ 
ponents. 

Batch  FeSO,  treatment  did  not  result  in 
a  persistent  Increase  in  surface-bound 
iron  or  decreased  localized  corrosion. 
Surface  pitting  appeared  to  be  asso¬ 
ciated  with  accumulations  of  chlorine, 
sulfur,  and  microbiological  coloniza- 
t  ion . 

1.  INTRODUCTION 

Copper  alloys  have  a  long  history  of 
successful  application  in  seawater 
piping  systems  due  to  their  corrosion 
resistance,  antifouling  properties,  and 
mechanical  properties.  The  corrosion 
resistance  of  copper  in  seawater  Is 
attributable  to  the  formation  of  a 
protective  film  that  is  predominantly 
cuprous  oxide,  irrespective  of  alloy 
composition  [1].  Often,  basic  chloride 
atacamlte  (Cu  (OH)  Cl)  or  malachite 
( CuCO  •  CiKOH.)),  a  carbonate  salt, 
forms  a  bulky,  green,  nonproter t 1 ve 
film  that  overlies  the  Cu  O  layer  [2]. 
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Copper  alloys  are  susceptible  to  some 
types  of  (oirosion  and  premature 
corrosion  failures  have  been  reported 
[3,4].  Kaiii.ie  of  copper-nickel  pipes 
In  poiluiid  eKtuarine  water  can  be 
associate.;  nith  waterborne  sulfides 
that  stimulate  pitting  and  stress 
corrosion  cracking  [5].  90/10  copper 
nickel  was  shown  to  suffer  accelerated 
corrosion  attack  in  seawater  containing 
0.01  ppm  sulfide  after  a  1-day  exposure 
[6].  There  can  also  be  changes  in  the 
galvanic  relationships  between  normally 
compatible  piping  and  fitting  alloys  in 
sulfide  containing  seawater  [7].  Copper 
alloys  are  vulnerable  to  erosion  corro¬ 
sion  caused  by  the  removal  or  breakdown 
of  the  protective  film  by  mechanical 
forces  such  as  local  turbulence  and 
impingement  [8].  Copper  alloys  are  also 
susceptible  to  microbiological 1 y  induc¬ 
ed  corrosion  (MIC).  Pope  [9]  proposed 
the  following  mechanisms  for  microbial 
attack:  production  of  corrosive  sub¬ 
stances,  e.g.,  C0^,H2S,  NH.J,  organic  or 
inorganic  acids;  “production  of  metabo¬ 
lites  that  act  as  depolarizers;  and 
anaerobically  produced  mercaptans  and 
disulfides  through  the  microbial 
transformation  of  sulfur  compounds. 

As  the  Cu^O  corrosion  film  forms  in 
seawater,  copper  ions  and  electrons 
must  pass  through  the  film  to  support 
anodic  and  cathodic  hal f-reac t ions .  It 
has  been  shown  experimentally  that 
alloying  additions  of  nickel  and  iron 
into  the  highly  defective  p-type  Cu.O 
corrosion  product  film  as  dopants 
alters  the  structure  [1]  and  results  in 
a  corrosion  film  that  possesses  low 
electronic  and  ionic  conductivity  [10]. 
Such  a  film  tias  been  shown  to  be 
resistant  to  waterborne  sulfides  and 
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impingement  attack  [8].  CDA  706,  an 
alloy  containing  88. 5X  coppi  r,  10:^:. 
nickel,  and  1.5%  iron,  has  been  shown 
to  be  the  most  corroslon-resist.ai' t 
copper-based  alloy  [11].  Both  allow'd 
and  precipitated  iron  are  effective 
methods  for  introducing  iron  into  t' ; 
CU2O  [9].  Ferrous  ions  mny  bo  dde  1 
seawater  in  a  variety  of  ways,  ir.- 
cluding  periodic  batch  additions  f 
ferrous  sulfate  crystals,  continuous 
injection  of  ferrous  sulfate  seditions, 
or  the  use  of  naturally  occurring  iron 
corrosion  products  [12-19].  In  the 
presence  of  nati^t^ally  occurring  anodes 
and  cathodes,  Fe  ions  form  lepidocro- 
cite  r-FeOOH,  a  colloidal  hydroiis  oxids 
capable  of  interacting  wit's  ca^;  uns  at 
pH  values  6-8.  It  has  been  shown  that 
the  positively  charged  colloid  can 
migrate  and  adhere  to  a  negatively 
charged  cathode.  It  subsequently 
spreads  over  the  entire  surface  to  form 
a  nonconducting  film  that  Impedes  elec¬ 
tron  transfer  between  the  copper  and 
dissolved  electron  acceptors.  Since  the 
corrosion  of  the  copper-nickel  alloys 
in  aerated,  unpolluted  seawater  is 
cathodically  controlled  by  oxygen  re¬ 
duction  (oxygen  is  the  electron  accept¬ 
or),  the  FeOOH  is  a  cathodic  inhibitor; 
furthermore.  Hack  [20]  reported  that 
continuous  injections  prevented 

sulfide-induced  corrosion  of  copper- 
nickel  alloys  by  stripping  corrosive 
sulfides  from  solution  before  reaction 
with  the  pipe  surface  was  possible.  The 
efficacy  of 
been 

controlling  MIC 


FeSO,  treatments  has  never 
evaluated  as  a  means  of 


Both  FeSO, -treated  and  untreated  CDA 
706  seawater  piping  systems  on  U.  S. 
Navy  ships  have  experienced  premature 
corrosion  failures.  Most  of  the  fail¬ 
ures  have  been  attributed  to  turbulence 
and  impingement  attack.  However,  some 
failed  sections  are  characterized  by  a 
nonhomogeneous ,  nonadherent  surface 
film  with  subsurface  pitting.  The 
surface  films  contained  calcium,  sul¬ 
fur,  chlorine,  silica  and  iron,  in 
addition  to  copper  and  nickel,  and 
accumulations  of  microorganisms  [21]. 


role  of  FeSO^,  a  dockside  experiment 
was  undertnhen  at  a  ship  construction 
site  at  Ingalls  Shipbuilding  Division, 
Litton  In^'iStrien,  Pascagoula,  Missis¬ 
sippi.  T""  flrw-through  water  was  the 
naturally  occi^rrlng  estuarine  water 
from  th-'  r’out’i  of  the  Pascagoula  River 
'a  th  .'If  of  Me/ico.  Batch  ferrous 
sulfate  surface  treatment  of  CDA  706 
copper-ni  ::kel  piping  systems  was  eval¬ 
uates  ill  the  presence  of  blofilms  con¬ 
taining  s  ilfate^reducing  bacteria.  The 
corrosion  oft  FeSO^-treated  pipes  was 
compared  to  untreated  pipes  that  had 
been  cleaned  according  to  military 
specifications . 

2.  : . THODS  VV)  MATERIALS 

Eight-foot  sections  of  CDA  706  Cu-Ni 
pipes  were  pretreated  and  maintained  as 
Indicated  in  Table  1.  Pipes  treated 
with  ferrous  sulfate  vexe  exposed  to  a 
50  ppb  solution  of  Fe  for  48  hours. 
The  solution  was  prepared  as  follows:  a 
20%  (by  weight)  stock  solution  (pH  1.7, 
stabilized  with  sulfuric  acid)  of  fer¬ 
rous  sulfate  was  prepared  the  day  it 
was  to  be  used  and  diluted  to  50  ppb, 
pH  7.7,  prior  to  treatment. 

The  cleaning  of  Case  4  consisted  of  a 
soak  with  a  general  purpose  detergent 
[22]  mixed  with  hot  tap  water,  a  flush 
with  tap  water,  and  air  drying.  The 
extensive  cleaning  in  Case  5  consisted 
of  a  soak  in  a  mixture  of  tri-sodium 


TABLE  1.  PIPE  TREATMENTS  AND  HISTORY 

Case  1:  Installed  without  pretreatment, 
allowed  to  biofoul  (2  months)(2  weeks), 
stagnated  and  then  exposed  to  continuous 
flow  conditions. 

Case  2:  Installed  without  pretreatment, 
allowed  to  biofoul  (5  months),  then 
treated  with  FeSO,. 

Case  3:  Pretreated  with  FeSO^. 

Case  4:  Pretreated  with  normal  shipyard 
cleaning  (soak,  flush,  liydro,  cleaning). 


Case  5 
joints, 
gerated  cleaning). 


Fabricated  with  bends,  braze 
joints,  socket  and  butt  welding  (exag- 
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Figure  1.  Flow 
experiment . 


diagram  of  dockside 
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phosphate  ( Na 1 2H  0)  ,  [23]  general 
purpose  detergent  [z2]  and  hot  tap 
water.  This  mixture  was  introduced  into 
the  piping  system  for  12  hours.  The 
system  was  flushed  with  hot  tap  water. 
The  pipe  was  then  exposed  to  a  mixture 
of  citric  acid  [24]  for  a  period  of  6 
hours,  drained,  flushed  with  tap  water, 
and  air  dried. 

Pipes  were  maintained  on  the  Westbank 
Dock  at  Ingalls.  The  Intake  water  was 
from  a  22  ft  depth  and  maintained  at  a 
flow  rate  of  3-6  ft  sec~  ,  as  indicated 
in  Figure  1.  Sections  from  pipes  1-4 
were  removed  biweekly,  preserved  in  4% 
buffered  glutaraldehyde ,  and  subsec¬ 
tioned  in  the  laboratory.  Surface 
chemical  analyses  were  performed  with  a 
KEVEX-7000  energy-dispersive  x-ray 
spectrometer  (EDAX)  coupled  to  an  AMRay 
lOOOA  Scanning  Electron  Microscope 
( SEM) .  Subsections  were  sputter-coated 
with  gold  before  photography  with  the 
SEM.  Case  5  will  be  sectioned  at  the 
conclusion  of  the  experiment. 

Water  samples  for  chemical  analyses 
were  collected  at  the  intake  depth.  PH 

[25] ,  chlorinity  [25],  dissolved  oxygen 

[26] ,  suspended  solids  [25],  tempera¬ 
ture  [25],  total  Iron  [25],  and  total 
copper  [25]  concentrations  were  moni¬ 
tored  weekly  by  Ingalls.  Dissolved  sul¬ 


fides  were  measured  biweekly  using  a 
modification  of  a  method  described  by 
Strickland  and  Parsons  [27].  The  modi¬ 
fication  uses  a  lO-cm  cell  to  increase 
sensitivity.  The  detection  limit  of  the 
modified  method  is  6.5  ppb.  Total  sul¬ 
fate  concentrat ion  [25]  was  measured 
bimonthly.  Total  organic  carbon  [25] 
and  ferrous  iron  [25]  concentrations 
were  measured  intermittently.  Micro¬ 
biological  analysi's  were  performed 
periodically  to  determine  the  concen¬ 
tration  of  sulfate-reducing  bacteria  in 
the  flow-through  water  using  the  Amer¬ 
ican  Petroleum  Institute  technique  [28] 
which  Involves  si*rtal  dilution  in  an¬ 
aerobic  bottles  containing  a  nail  as  a 
source  of  Iron. 

3.  RESCITS 

Water  temperature  varied  from  9°  to 
17“C  over  the  experimental  period  ex¬ 
tending  from  September  1986  to  April 
1987.  The  pH  varied  from  7.4  to  8.2. 
Chlorinity  varied  from  4.3  to  20.0  ppt 
Cl  .  Chlorinity  can  he  converted  to 
salinity  using  the  following  relation¬ 
ship:  Salinity  (ppt)=1.806  Chlorinity 
(ppt).  Total  suspended  solids  ranged 
from  10  ppm  to  65  ppm  during  dredging 
operations.  Dissolved  oxygen  varied 
from  5.2  ppm  during  September  to  10.5 
ppm  in  late  December.  Copper  and  iron 
concentrations  in  the  river  water 
fluctuated  between  5  to  70  ppb  and  150 
to  906  ppb,  respectively.  Dissolved 
sulfides  could  not  bt>  detected  during 
the  experiment.  T)ie  moan  concentration 
for  sulfates  (  S07  )  was  -2600  mg/1. 

Standard  plate  counts  ipd tested  bacter¬ 
ial  populations  of  1x10  -10  per  cc  and 
a  sulfate-reducing  bacterial  population 
of  1x10  -10  per  cc. 

The  EDAX  spectra  of  the  pipe  SEirfaces 
were  essentially  identical  despite  the 
varying  initial  treatments.  Pipe  sur¬ 
faces  were  predominantly  copper,  nick¬ 
el,  and  iron.  A  sample  spectrum  is 
shown  in  Figure  >.  Over  the  8-month 
exposure  period,  all  surfaces  exposed 
to  Pascagoula  Rl\'--r  water  accumulated 
silica,  phosphorus,  sulfur,  chlorine, 
potassium,  ani1  calcium  \l'ig.  3).  Pipes 


2  and  3  did  sliow  i 
in  surfai  e  Ee  i  mined 


ate 


I T  r a  r  V  i nc  rea  se 
I  after  batch 


y.'VjSjim 


*  %***».*■ 

H. 


••  '/■ 

.■ ,  / 


•  ^ 

'*  s'"  J 


*  *0 

‘ 'to" 

'•>yy 


• . '  .*• . 

.  v .vV 


treatment.  However,  this  increase  was 
not  evident  at  the  next  sample  col¬ 
lection  after  two  weeks. 

The  appearance  of  the  pipe  interiors 
was  markedly  different  after  2  months. 
Despite  the  stagnation  in  pipe  I,  pipes 
1  and  4  had  a  tenacious  reddish-brown 
film  on  the  surface.  There  was  no  sur¬ 
face  pitting  on  these  two  surfaces. 
Pipes  2  and  3  were  covered  with  a 
patchy,  flaky,  green  film  charac  t  <m  i /.ed 
by  blisters  that  have  persisted  over 
the  8-month  evaluation  period.  Figure  4 
shows  the  pipe  Interiors  after  6  months 


The  mechanism  of  accelerated  corrosion 
of  copper-nickel  alloys  in  sulfide- 
polluted  seawater  has  been  summarized 
by  Syrett  |4].  During  the  first  few 
seconds  of  exposure  to  sulfide-polluted 
water,  a  thin  film  forms  on  the  copper 
surface  that  is  primarily  cuprous 
oxide.  Cuprous  sulfide  forms  soon  after 
the  alloy  is  exposed  to  the  polluted 
seawater.  The  chemical  composition  of 
the  oxide-type  film  is  variable,  but 
its  sulfur  content  never  approaches 
that  of  the  cuprous  sulfide  scale  that 
grows  on  top  of  it.  The  initial  anodic 
reaction  product  is  Cu  ions  that  react 
with  the  dissolved  sulfide  and  precip¬ 
itate  at  the  metal  surface  to  produce  a 


porous  hlaok  simIo.  Toe  c’sthodic  reac¬ 
tion,  H  iv'n  ri'.i  11.' t  i  on ,  .-.ccnrs  at  the 
boundary  betwe.-  ;  t  h.e  oxide-type  and 


sul  f  ide  1  .ivers  , 

i.Ki 

nr.  duces  OH  ions 

that  can  re  ic  t  wo 

t  t 

he  ano.i  ical  ly  pro- 

. !  n  C  e  d  ' ' ,  1  i 

•  j ,  1 

•ver,  m'lst  of  the 

+ 

.  I'  M 1 '  1  the  porous 

1 '  .1  i  .  1 -  111  i  g  r  It 

‘  c  ’ 

d.e  ,S  sc.i  1  ,  r-.  ■»,' 

: 

h.  d.  \ssol..red  sul- 

tide,  .  i  ■  1  :  r 

■  i 

r  li  ink  c -ling  of  the 

SI  ale.  ■■■cl'T  f'e 

i  'ins  ,  'torro- 

T  1  1  ■  is  u  li  K‘  r  c  i ; 

.'  .'da  t  rol  ,  1  imi  ted 

•  ■  the  r  r  -in  1  !' 

•  ■' 

i  M  i  ."r n s  to  the 

>•  id.i  i  1-  site-. 

-.dl  t  !  .i.--p,.  1 

it 

i,  .le  lerated  sea- 

w 1 r  e  r  is  r  e  [  I ;  1  ■ .  -  ! 

s  ■  ■ 

.i''p  ll  1  .ited  ,  aerat- 

•  ]  -1  ‘  •  1  t  ^  ,  '  1  ' 

‘  '  '  re,i."  r  i  on  rate 

re,i-f-,  i'.'  t 

;•  . 

d-  r  .  ,  •  "1  rate  i  n- 

'  r  e  1  - 

;  1'.  -  .1 1  f  f  ns  i  ng 

t  'It  :  ‘n  1.  , 

-u  .  ■  i  h  scale  cora- 

S'..,.  ‘  ■  i  '  '  ^  -  1  ’ 

■  '.ten  t  o  iiroduce 

g'i  ,  '  ,  red  t  le  -.I. 

*  i 

1  s . a ! e  itself  is 

-  1  dwl  t  r.i'.'s  ‘  nr  '■ 

:  • 

■  t  re  cxiie.,  with 

the  civicdTii  tin'.  , 

: ::  t  t  o’l  it  So  j  ions 

1  r  e  I  erne  •  i  -i ' 

1  r  , 

t  .'.ill.  t  i  on  in  the 

sul  I  .ir  nit  e'd 

"Xi  'i.-type  scale 

w  i  1  ;  1 !  s  n  1 1 .  c .  l'- 

1  re  1  It  i ve 1 V  low 

r  a  t  e .  It', e  '  r  ins' 

[■ 

tdc.  i>r  sulfide  to 

(1  <  i ‘  r  e  s  '  1  i  t  1  i 

!  1^ 

:  ,1 !! ge  in  V o  1  ume 

that  Weakens  tnn 

w.n'n  the  thick 

nlack  s.-ale  ind  t 

'l^.‘ 

•;  i  lo-L  -  pe  subscal  e 

a  n  ..i  leads  t ' .  s 

1 

ing.  Harei  .treas 

repassivate,  fort 

\  i  \ : 

C  U  1 1 1  1 1  :S  L)  X  i  d  e  . 

Waterborne  so  1  r  ido’s  -..n’.i  ’nit,  be  Pleas¬ 
ured  in  the  pa'^'.'a,:  oul  a  River  water 
during  the  ::iis  experiment. 

Sul  t  ide-indui'e.i  i.orroii-v-  in  piping 
systems  is  orttui  d  ;  s-ontited  becau.'^e 
waterborne  S'lLri.i.-s  at"  b,'l.iW  detection 
limits.  Howei’.er,  oSli  .'  it  '  inaerohi.' 
su  1  f  a  te-red  IK' i  ng  haete-rt'.  ca-i  exist  in 
oxygenated  waters,  oi.  I  <  .-i  i  a  snrfai'e 
in  anaerohir  rioiies,  an.!  produce  sul¬ 
fides,  '.arge  c  o,',c  i  ■  t  r  a  i  i .  .ns  of  sulfates 
and  su  1  t  a  t  e-red  li.' i  . na,  t  tI  a  were  dem¬ 
onstrated  in  t  ‘  ’  1  agon  i  .1  Rii’er 

water,  i'u  r  t  !ie  r  m...  r  i- ,  ‘.  I!.:  and  chlorine 

a  c  c  11  n  u  1  i  t ' '  d  o  n  i  ,  ■ '  sari  i e  s  ,  I  ii  e 

concent  rat  ion  o;  1  .n  pipes  2  and  3 
was  enhanced  r.' !  .o  :  "  '  .  o'pes  !  and  a. 
The  formation  o:  '  ’  i-v,  n.onadhcrent 

films  ini'.  I  n  .  i  '  i  ■  i  n  d  >  i  n  d.  t e 

presence  -li  tiact-'t'  i  w ,  r ‘i  blisters  on 
those  stir!  a.  I..,  .  i”'.'  'Xpl  liied  bv 

the  ant'n  irs  i!  t.  i  :  i  . 


Localized  pitting  of  copper  alloys 
under  microbiological  colonies  or  tu¬ 
bercles  has  been  cited  [29,30].  Others 
[31]  have  reported  the  corrosion  of 
copper  in  the  prescice  of  sulfate- 
reducing  bacteria.  Sulfate-reducing 
bacteria  have  beoii  shewn  to  be  respon¬ 
sible  for  the  corrosion  of  copper  al¬ 
loys  In  underground  pipe  installations 
through  the  production  of  fl^S,  which 
forms  a  sulfide  film  on  the  sdirface  of 
the  metal.  Such  a  film  is  pr.itective  as 
lonvt  .IS  it  is  continuous.  Breaks  in  the 
film,  howe'-ec,  expose  areas  where  pit¬ 
ting  ran  occur.  Bre.aks  in  the  wet 
surface  films  on  pi  j'es  2  and  3  were  ev¬ 
ident  after  2  mocths  exposure.  Surface 
pitting  was  -.bserved  under  blisters  on 
t  hese  surf  act-  s  . 

Total  iron  concent  ra  _  i  on  in  the  flow¬ 
through  water  vari'.'d  from  150  to  900 
ppb.  Of  j^hi.s  amount,  5  5  ppb  was  shown 
to  be  Fe*"  .  In  the  .irganic-r ich  water, 
a  majority  of  the  t  '.tal  iron  concen¬ 
tration  would  be  expf.'''ted  to  be  col¬ 
loidal  r-FteiilH  i32'.  Since  "oxidants 
are  consumed  in  ord..'r  of  decreasing 
energy  production  per  mole  of  organic 
carbon  oxidized  (  ).,  >  manganese  oxides 
-  nitrates  >  iron'  oxides  >  sulfate)" 
[33]  ferrous  iron  would  be  produced  In 
the  flow-through  water  before  sulfides. 
The  iron  in  the  t low-through  water  is 
present  in  concent  rat  ions  an  order  or 
magnitude  greater  than  that  introduced 
bv  batch  treatment,  ’’nder  such  circum¬ 
stances  it  is  unlikely  that  waterborne 

sulfid.es  coul  .i  cause  ■orrosioii. 

b .  ri)N('i.l'SIt)Nb 

The  local  i.-'o.’  c.'rr  'ci  -ci  ^ . -...(jp  in  the 
pil.7es  of  the  do-xsi.i.'  p..!  r  i  merit  ap¬ 
pears  to  he  d.ic  "  i  ■  r.  b i  (-)  1  og i  cal  1  y 

induced  corrosid": .  -^ul  1  at  e-reducing 
h.icteri.i  and.  '-ult  i!  'S  were  .ie 'ir'ms  t  r  a  t  e.l 
in  the  f  1  dwthree;.''’  w.it^r  ,iiid  sulfur 
ac  c  umul  a  t  ed  is  al  ;  si.rl  sc"  .1 1*  p.^s  i  t  s  , 
which  coul  !  re-sult  i 'i  -i.' t  i  \  pas  s  i  ve 
sirrfac".  Bat.'!'.  ^  p -j  1  pop 

result  in  a  c  ^  f  s  :  t  i  i  i  se  in 

sur  f  ace-bdun.i  ’i  pi  r'-i  stent  con¬ 
cent  r  1 1  i  iiii  . '  I  i  1  ■  1  ; ^ M  i' !  ,p  e  films 

was  the  s.ine  i*  •,.!i  'le'-'  i*  snrla.'c 
treitment,  in.ii.  ric  'Pit  the  i  I'd'i  in 
t  iie  -eirt  1;  •  ;  i  ■’  .  ’  '  •  1  t  i;<  ll  1  ov  , 


or  the  flowthrough  water,  not  the  KeSO, 
treatment.  These  observations  apply 
only  to  batch  FeSD,  treatment  and  can¬ 
not  be  used  to  iiredict  the  efficiency 
of  FeSO,  i  i;^ec  t  i  (.)ns  or  otlier  ap[)lica- 


t  ions  of  Fe ‘ 


to  s  11  r  1  a c c s  . 
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Validation  of  Nitronic  33  in  Reinforced 
and  Prestressed  Concrete 


ABSTRACT  Nitronic  33  stainless  steel  {Trademark  of  Armco  Steel  Coriwration)  has 
a  unique  combination  of  high  strenrjtti  and  -onrnaqnetic  (properties  which  make  it  an 
excellent  candidate  for  use  as  (irestressing  strand  for  concrete  water  front  structures 
where  the  magnetic  (properties  of  the  carbon  steel  commonly  used  for  prestressing 
strand  are  not  acceiptahle.  Befcpre  Nitronic  33  stainless  steel  (prestresseif  concrete 
waterfront  structures  were  constructed,  it  was  necessary  to  establish  the  corrosion 
performance  of  the  Nitronic  33  stainless  steel  m  marine  concrete.  A  test  plan  was 
developed  where  a  series  of  tests  which  compared  the  (lei  foriipanci.'  of  carbipn  steel 
to  the  Nitronic  33  stainless  steel  were  to  be  performi.'d.  The  time  to  initiation  of 
attack  was  established  as  the  critical  (parameter  lor  tlie  evaluation  <pf  the  test  results. 

In  each  test,  corrosion  of  ttie  carbon  steel  initiated  (irioi  to  thi?  inituition  of  the 
corrosion  of  the  Nitronic  33  stainless  steel.  In  atfdition,  (previously  em|)laced  full 
scale  pier  pilings  with  both  carbon  steel  and  Nitronic  33  stainless  steel  [Prestressing 
were  inspected.  The  corrosion  activity  of  the  Nitronic  33  stainless  steel  [irestressed 
piling  was  less  than  that  of  the  comfpamon  carfpon  steel  (iri'stressed  (Pilings. 
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Till'  (III  fj'cisc  of  Lflis  v.i  1  i  li.i  t.  1 1  If)  w.is  In  qii.i  I  i  /  y  .VitfiKiii  f;  s  t  .1  i  ti )  css 
sLt’cl  tor  use  .IS  |i  res  I  res  s  i  iig  slr.ind  .iiid  re  1  n  f  o  reeineii  t  in  lomrete  i  on- 
sLruclion  wtiere  the  iii.igiietie  [)ro|)erlies  ol  i.irhou  steel  .ire  not  i  e  (  0(1  L  .i  h  I  e 

This  v.i  1  1 1 1,1 1  i  oil  v.is  cliretLed  soli-lv  to  the  dt' I  e  nii  1  n.i  I  i  on  ot  the 
eorrosion  heti.ivior  ot  Nitronic  Vi  st.nnless  steel  in  eonerete  nniier 
conditions  tli.it  ,ire  likel\’  to  he  present  in  .1  pier  I  .1  h  r  1 1  .1 1  i‘d  (  roiii  pre¬ 
stressed  .ind  reinloried  (inurete.  Previous  ev.i  1 11,1 1  1  ons  hy  others  h.ive 
determined  tint  the  met  h.in  1  c.i  1  [>  ropi' rl  i  I's  ,  iii.ignetii  properties, 

f  .'ih  r  i  enh  i  1  I  t  V  ,  honding  strength,  .iiid  other  i  li.i  r.ii  ter  1  st  1  cs  o|  Nitronii 

id  stainless  steel  were  siiitahle  tor  c  ons  t  riu  t  i  on  ot  the  type  reipiired. 

While  .utii.il  long  term  in  situ  testing  of  .iriy  iii.iteri.il  tor  ,1  new 
application  is  highly  desir.ihle,  this  test  progr.ini  w.is  h.ised  upon  tests 
which  could  hf'  coiiiph'ted  in  a  rel.itively  short  period  since  it  w.is  neces¬ 
sary  to  de  t  e  nil  i  n  i  ne  if  N'ltronii  d'i  pri'st  resseil  .ind  reinfoned  lomrete 
could  he  used  in  the  con.st  met  1  on  0)  urgently  reijni  red  f.icilities.  The 
tests  were  developed  to  di'terniiiK'  thi'  ri'l.itive  snscept  ,ih  i  1  1  t  \  ot  i.irhon 
steel  and  .N’l  Ironic  id  st.iinless  steel  to  loss  ol  p.issivity  uiiiier  various 
conditions  which  .ire  likely  to  occur  in  .111  .ictn.il  in.irine  stria  lure,  .ind 
to  separately  .issess  the  .iiiioiints  ,ind  tyjies  o(  .itl.iik  which  .ire  likely  to 

occur  on  hoth  c.irhon  stc'cl  ,ind  Nitronic  di  st.iinless  steel  when,  or  il. 

active  ciirrosion  Ins  hecui  initi.iled,  .As  hoth  c.irhoii  steel  .ind  .Nitronic  id 
st.iinless  steel  were  I’xpected  to  hcdi.ive  .is  p.issive  niileri.ils  in  concrc'tc’, 
the  side-hy-side  coiiip.i  r  1  son  of  the  two  w.is  c  oie.  1  dere.l  to  he  v.ilid.  liy 
se[i,i  r.i  I  i  ng  the'  dot  e  riii  1  n.i  t  1  on  o|  the  initi.it  ion  ind  prop.i  g.i  t  i  on  hcdi.ivior, 
and  hy  conip.iring  the  heh.u'ior  cil  (.irhon  steel  ,ind  .Nitronic  ii  st.iinless 
steel  in  each  test,  .111  .issc'ssnunit  of  the  rel.it  ivc-  corrosion  pe  r  t  o  rni.i  111  e 
of  carbon  stec'l  and  Nitronic  ii  st.iinless  str-el  could  he  iii.ide  within  .i 
rc' 1 .1 1  i  ve  1  y  short  (leriod.  By  including  ev.ilu.it  ion  if  previously  c.ist 
sections  of  actii.il  prestressed  pilings  (one  with  i.irhoil  steel  p  re  s  t  rc' s  s  i  ng 
and  re  i  n  fore  ('iiieiit  .ind  one'  with  N  1  t  ron  1  i  ii  st.iinless  tc'c'l  p  ri's  t  res  s  i  ng 
and  Nitronic'  id  st.iinless  steel  n- 1  n  I  o  rc  emeu  t  )  ,  .ind  hv  tin'  inspection  of 
in-jil.iic  [I  i  I  ings  of  I'.ich  type,  the  te'st  d.it.i  was  tnrthei  c  .i  1  i.l.ited. 

It  corrosion  were  to  initi.ite  on  the'  Nitronic  ii  st  iini'  ss  steel  in 
concrete,  the  t  vpe  ,  d  1  s  t  r  1  hii  I  1  .  >n  ,  .ind  e.xtc'iit  I'f  .itl.ick  on  the  N  1  t  ron  1  c  ii 
coiilil  he  ditferi'iit  I  rom  that  which  occurs  on  c.irhon  slei'l  in  concrete, 
riierc'fore,  ,111  .i  s  s  es  siiieii  t  of  t  lie  eftc'ct  of  possihlc'  corrosion  of  Nitronic  i 
on  structnr.il  integritv  ol  pri'stressed  coiuri'te  (u  lings  .ind  sl.ihs  w,i.'~ 
m.idc’.  Also,  till'  c'lloct  of  rii.igni  tic  lii'Ids  ot  the  ni.igniludc'  .iiid  .’rioiil.i- 
t  I  on  whieli  ,iro  likely  to  he  one  ouii  t  e  red  in  the  xicinitc'  of  the  propose, I 
structure  w.is  assessed  in  orte'i  tec  liel  e- nil  1  ne  the'  possihle-  ellocts  .'! 
these  fields  on  eorrosion  o  t  the  re'  1  n  I  o  rc  emeu  I  . 

The'  direct  c  '  ,|Tip,i  1  son  ot  the  h.e'ii.iv  i  or  o|  c.irhon  stool  .iiid  Nitronic 
sL.iinloss  stool  111  this  v.il  id.it  loll  I  .in  he  iise'cl  to  comp. ire  tin-  imp. at  .■! 

(  o  r  ros  1  oil  ,  i  I  >  .1  r  t'oii  steel  .1  nd  o  I  Nitronic  i  !  s  t  .1  1  n  I  i-s  s  s  t  >  e  I  in  .1  in.i  1  i  lu' 


1  1 


p  res  1 1  esseii  cunerete  si  iiul  are  ,  ll  has  lieeii  we  I  i  t'sl.ih  1  i  siu-'i  Ihal  roiu  rele 
strucLiires,  prestressed  and  reiafv)rc'ed  iisiiij^  carbon  stei'l,  lan  be 
snrct'ss  f  11 1  1  y  used  in  marine  env  i  rotimen  I  s  .  This  direct  cniii|ia  r  i  sen  nf 
lorrosinn  beliavinr  can  be  used  lo  assess  whether  .i  strut  lure  labri'.  ali  d 
using  Nitronic  id  prestressing  and  reinforcing  tan  be  siit  i  ess  f  u  I  1  y  used 
in  similar  env  i  rtuimt'iit  s  . 

FolU)w-<in  efforts  tti  extend  the  duration  of  the  corrosion  tests 
perfor'mecl  to  date  ,ind  to  establish  criteria  for  cons  t  rut  t  i  on  ,  inspetlion, 
maintenance,  and  repair  of  structures  fabricated  using  N i I  run i t  ii 
stainless  stet'l  are  also  nientified  and  tlescribed. 


DFA'F.l.tiPMF.M  AND  APPKuVAL  UF  I'F.ST  PLAN  AND  PRKSF.NTAT  ION  uF  INTKKIM  KF.SIT.TS 


Development  of  the  test  plan  for  this  val  illation  was  initiattul  on 
14  .liine  l')8a.  A  prelimlnarv  test  plan  was  rt'viewetf  by  the  Naval 
Fic  I  1  1 1 1  t's  Kngint'ering  Command  (N.AVFAC)  Code  03,  04.  Ob,  and  07  repre¬ 
sentatives  during  meetings  at  NAVFAC  on  20  June  lOSb.  A  rt'vised  tt*st 
plan  was  reviewed  by  NAVFAC  Code  04  representatives  during  a  met'ting  at 
the  Nav.i  1  Civil  Kngint'ering  Laboratory  (NCKI.)  on  26  June  1985.  The  test 
plan  was  forw.irded  to  NAVFAC  by  NCKI.  Ilr  Ser  L52/9()8  of  i  July  1985  for 
approval.  NAVFAC  Ilr  3902  Ser  032F/390()  of  20  August  1985  gave  final 
approval  of  tht'  test  plan  and  directed  NCKL  Lo  procee<l  with  the  valida¬ 
tion.  t)n  17  September  1985  a  briefing  on  preliminary  results  of  the 
valitlation  w.is  preseiiLetl  to  NAVFAC.  I'lie  results  of  the  tests  to  that 
date'  were  encouraging  and  it  was  determined  Itiat  the  tests  should  [iro- 
ceed  as  platint'd.  .A  briefing  was  prest'nled  at  NAVF.AC  on  17  December 
1985  to  prt'st'iil  1  i  n.i  1  test  results  and  Lo  serve  as  a  basis  for  the 
decision  to  proceed  with  construction. 


PRKPAKATION  OF  TKST  SPKCIMKNS 


All  test  specimens  wert'  c.isL  from  tfie  sanu'  batch  of  concrete  to 
reduce  the  ef  fet  ts  of  v.irialion  of  com  rett'  mi  the  torrosion  behavior  of 
the  embedded  mel.il  specimens.  The  mix  design  for  the  coiurett'  was 
lieveloped  by  fir.  Doug  Burke  of  NCKI.  with  consii  1 1  .i  t  1  on  from  Mr.  Bob  LaFraugh 
of  ABAM  Consulting  Kngineers,  T.icoma,  WA .  Tfie  mix  design  w.is  developed 
to  represent  h  i  gti  ipialily  conert'le  of  the  type  to  be  speci  fil'd  for  tiin- 
strutlion  of  tfie  deperming  f.Kilitit'S  in  San  Diego  .ind  Kings  B.iv.  ITit' 
mix  df's  1  gn  was  .is  follows: 


Cement  -  Type  I  1 


8.4  b.igs/yil 


Wa  ter 

{ W/ C  ra  t i o  =  0.40) 


.17.9  g.i  I  /  yd 


S.ind  (  S.in  Gabr  i  e  1  j 


1113.0  Ib/Vd 


Coarse  aggreg.ite 
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200.  a  tl  ox/y.l 


Slump  before  .'idin  i  xl  u  re  =  4  i  ii 
Slump  after  admixture  -  0  in 


The  Nitronic  ii  material  was  fiirnistied  fiy  ARMrii  Steel  So  i  po  r  a  I  i  on  . 
All  spei  imens  wert'  rut  from  tin'  same  coi  I  of  materi.il  .  llie  wire  diameter 
was  0.187S  inch.  The  ehemiial  compos  1 1  i  on  of  the  m.ilerial,  as  deter¬ 

mined  by  ARMCO,  w.is  as  follows: 

Composition  of  N  1  t  roll  1 1  ).i  Id's  I  Wire 

Klt-menl 


Ch  rom i urn 

1  7  .  tdl 

MangaiH‘se 

12.2  i 

N i c  ke  1 

1 . 4K 

Sill  con 

.40 

N 1 1 rogen 

.  U) 

Mo  1  ybdeniim 

.  10 

C,i  rhon 

.  0  (4 

F’hosphoroiis 

.028 

Sii  1  phu  r 

.002 

The  meefianical  properties  of  the  Nilronii  if  stainless  steel  wire, 
as  determined  by  ARMC(.),  were  as  follows: 


b'llimate  tensile  strength 
y i e 1 d  s  t  rengt  h 
R 1 onga I i on 
Hediiclion  of  area 
Ha  rdnes  s 


1 fb , 000  ps 1 
116. OOO  ps I 
n.  ly 
70. 

26  R 


The  stainless  steel  lest  material  met  the  (om|'osilion  ind  st 
re(|u  I  rement  s  of  .ASTM  Spec  if  ii. it  ion  .ASHO,  Crade  XM-2'f.  Ibis  speei 
ran  be  used  for  proeuremenl  of  wire  for  p  res  I  ri-s  s  i  ng  strand  with 
additional  requirement  that  the  larbon  lonlent  of  the  wire  should 
below  .048%  to  insure  adequate  we  1  ilab  i  i  i  I  v  . 

Tfie  carbon  steel  wire  sjiei  imens  were  center  wiri's  from  prest 
strand  meeting  AS  IM  Spec,  i  f  i  c,i  t  i  on  .A4  1  6  .  This  is  the  standard  spe 
Lion  for  prest ressing  strand. 

Roth  the  stainless  steel  arnl  carbon  steel  wire  siiei  imens  we  r 
to  a  If'iigth  o*  22  inches  anil  straightened  as  neiess.irc.  The  sjuu 
were  d(-greased  using  miner. il  spirits  to  remove  the  lui  1  k  of  the  dr 
compound  on  the  wire  and  rinsed  with  acetone  to  rc'iimve  .in\  ii'main 
surface  c  out  am  i  n.i  t  i  on  .  F.i  i  rs  of  strands  of  the  s.inu'  m.ileri.ils  we 
joinecf  into  dim  I  str.ind  specimens  using  .in  epoxy  potting  compound 
c.ist  into  4-  by  4-  by  24-inih  concrete  prisms  .is  shown  in  iiguri’ 


rengt  h 

f lilt  ion 

t  hi- 
bc' 


res  s I ng 
l  It  1  c  ,1  - 


I'  c  111 

I  men  s 
iw  I  ng 
I  ng 
re 

to  be 


"^;  '^:  v»’  r .' »  ' 


-  V 


U  1  res  ter  uthcr  s  i /i'  Icsl  s  |h'C' i  mens  wt'rf  cut  Lu  Itir  ,i  pp  i^  t  i .)  1 1- 
Iciixlh,  ilf>^  rt’.i  si’ii  in  miiu-r.tl  .sfiirils,  .m<l  llicii  i  ii  .u<'t.(iiu' .  All  ot  llir 
inulds  tor  tile  lost  spi'c  imcns  woro  prop.irt’ii  in  .idv.iiu  c  ot  c.istMij^.  I  ho 
dual  sltaiid  spf(  iiiions  woro  plaiod  in  Kang  inoldt;  for  t  lie  a-  hy  A-  hy 
da- 1  lull  prisms  as  shown  in  figiiro  d. 

Altor  (asLiiig,  all  of  (.ho  s(nu  linens  wa're  plaiaai  in  a  sloam  tahuioL 
and  sloam  cured  tor  IP  hours.  The  a-  hv  8-incti  tesl  cylinders  c.isl  and 
cured  .iloiig  wilh  Ihe  Ic'st  prisms  wt're  nsi'd  to  determine  the  strength  of 
tile  coi.crete  .ittc'r  ste.Hin  curing  and  after  27  addilion.il  days  of  curing 
in  7d-di'gret'  I  '.g.  TIu'  strengtfi  of  the  test  cylinders  w.is  as  follows; 


Slri'iigth  o|  a-  hy  (S-Inch  Test  Cylinders 

h'fla  psi 
‘1  iHl)  ps  1 


1  fi-liiai  r  s  I  (Min  c  ii  re 
da-hour  stcuim  ciiri'  + 
d7-da\'  fog  c  II  ri> 


The  A- 
p rf'pa  red  hy 
in  the  upper 


A-  hy  dA- 1  nc  h  ti'st  prisms,  whic  h  wi're  to  tu’  c  rac  kc’d,  were’ 
iC'iiig  a  1  /  d- 1  IK  h-d('ep  ,  ,)/ I  ()- i  iieh-w  1  lit'  "er.ic'k  st.irler''  notch 
tioo"  f.ice  of  the  spec  imen  and  then  loading  the  specimen 
It  three  points  as  shown  in  figure  i. 

Tight  test  specimens  Were  cut  hy  sawing  from  two  st'ctions  of  piling 
turiuslu'it  hy  .AH.A'l  honsulting  Knginet'rs,  Seattle',  W.A .  Duse  st'ctions 
were  fahricated  hy  t.'oiic  rt't  t*  Tetlinology  Inc.,  T.u  oina ,  W.A,  and  were  used 
to  c  oiii[M  re  the  stit'ss  r  e  1 .1  .X  a  I  1 1 'll  c  ha  r.i  cT  e  r  i  s  t  i  c  s  of  the  .A  i  i  I’oii  i  c  3.^ 
st.iinless  stool  p  res  t  ress  i  iig  strand  with  those  oif  c.irhoii  steel.  The 
st'ctions  are  mt.igonal  .ind  .ire  nomin.il  ly  IP  inches  widt'  .iinl  10  fi'et  lung. 
Ihe  section  [i  re  s  I  rc' s  s  t'll  using  .A  i  I  roll  i  c  !3  st.iinless  stet'l  h.is  Id  pre- 
stressiiig  slr.iiids  where  t  lu'  section  p  res  t  res  soil  using  c.irhon  steel  has 
11  (irest  rt'ss  1  ng  str.inds.  The  st'ciioii  (ires  I  rt'ssod  with  Ailroiiic'  3,i  li.is 
A  I  t  roll  I  c  id  st.iinless  stt'el  spir.il  rt' i  ii  I  o  rcemeii  I  .  I.icli  "I  the  spc'cimens 
cut  from  the  A  i  t  mn  i  c  ii  p  res  t  i  t'ssi'd  section  h.is  two  str.irids.  Two  of 
the  spec  imt'iis  tut  I  roiii  tfie  carhoii  steel  p  rt's  I  i  cssed  st'ct'.oii  h.ice  oiu' 
str.iiid  e.icfi  ind  the  other  two  specimens  h.ive  two  strands  cmcIi.  This 
'.Mii.itioii  III  iiiimher  of  strands  in  the  specimens  w.is  iiec  I's  s,i  ry  .hie  to  the 
different  sp.it  iiig  .ind  tilt'  tlifleit'iit  nuiiiher  i>l  w  i  i  es  i  ii  llie  piling  st'c- 
tioiis.  Ih"  te.'.t  s  pec  i  iiit'iis  .iii'l  ri'iii.i  I  n  I  iig  set  I  ions  .ire  shown  in  figure  a. 
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fesl  Series  No.  1  -  Kiettroiheiiiii.il  Beh.iviur  in  .‘'lorl.ir  K.xti.icls 


Ihirpost'  of  Test.  To  •  It' t  e  riii  i  ne  the  themic.il  ccnditioiis,  rep  rt'senl  .i- 
l  1  \’e  of  those  III  ni.ii  ine  loncrt'le  strut  lures,  whicii  result  in  p.issiviLv 
of  holh  carhon  steel  .iinl  Ailronic  ii  .st.iinless  steel  .ind  t.’  ee.ilii.ite  I  lit' 
re  I  .1 1  1  vt'  s  t  .1  h  I  I  1  t  y  o  I  t  lu'  p.i  ss  i  ve  films  where  they  1 1  e  present. 
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case  o  1  the  c  a  rl'on  steel,  I  lie  a  I  I  o  v  extii  l>  i  I  <•■  I  <  s  si  n  1  i 
bell,)  V 1  (I  I' .  As  shown  in  hit’iires  .'  ainl  ti ,  Iho  passi.ilc 
steel  was  reilineb  i  ons  i  ile  rah  1  v  at  ['ll  I  I  .  t>  ami  JOd  ppni 
(i.issive  behavior  was  exhibiteii  .it  p!l  1  (1  .  b  ami  JOO  [ii'iii 
shown  in  F'i>;iire  '1.  the  level  of  passivitv  of  N  i  t  ron  i  c 
relainml  at  a  [ill  ot  10.0  ,imt  tiODO  j'l'iii  cbloriOe  w.is  so 
Tables  1  ami  .1  .s  iiiiiiiia  r  i /e  the  results  ot  tin-  elec 
Fully  [vissivc'  beliavioi  is  imiic.itmi  in  the  tables,  bv 
[lassivily  IS  imluated  by  i  ’'1  wlnie  passivit\  iae.iKs 
highest  potenlia!  used  in  the  tests,  l.ower  le-.,  ot 
indicated  bv  ru[iture  [loti-nl  i  .t  1  s  .it  i  m  ii-asiuglv  negat 
Nonp.issi'.'e  behavior  is  indic.ited  t'V  .i  S. 
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I  r s  11 1  I  1  n u  1  roll,  Ion  oil 


To  iloloiiiiino  Ltu‘  rcl.ilivo  Lo  loraiu  o  of  tirhoii 
oinlioiiilod  III  ooiu  reto  to  ificrt>ase<l  ionic  (mil  fill 
III  I  K  I'l  I  I  oil  ol  si'iiwulor  lliroiigh  the  coiiirflf. 


Ton  :i|  ol  1  lilt  IIS  . 


•  I'.i  rtioii  ;;  I  oo  1 

•  Nit  t  on  10  Ti 


I'osl  Sotiip.  Tho  .ipp.i  r.i  L  us  iisoij  lo  dotfrniinf  the  resisL.iiu'f  of 
spotiiiioiis  oiiilioililo'l  ill  iiiiuri'li'  to  .iccfleralcd  ion  migration  is  shown  in 
i  1  gii  ro  10. 

I'lio  voll.ijio  1  iiip ros i.oil  aoross  lh(>  lost  ('oil  to  drive  the  ions  by 
o  I  Ol  t  roptio  ros  I  .s  u.i,'  adjiislfd  lo  givi'  vollagt'  graiiienl  of  1  V/ i  n  across 

llio  tost  spociiiioii.  iiacti  tost  spooinion  contairuMi  one  prolie  of  Nitronic  ’’ 
stainless  stool  and  one  prtdio  ol  larhon  stei'l  in  order  to  eliminate  any 
effects  of  coin  ft' to  variahilitv. 


Test  MtMsiironiont  s .  Relative  I  i  iik'  (ion  increase  is  proportional  to 
I  line  when  .ipplied  vi'ltage  is  presi'iit)  for  depassivation  C'f  Iht'  t'inhedded 
p robes  . 

Tes  t  Cond  1 1  i  oiis  . 

!.  rime  to  de().iss  1  vat  i  on  witfi  tiilliision  potential  on. 

2.  Klin  stainli'ss  steel  spi'einu'ii  for  time  ii(>eded  to  depassivale 
carbon  steel,  then  bold  in  sc'awati'r  wilboiil  diftiision  vollagi'  lor  U)  days 
tc.'  determine  if  del.iyed  ib'pass  i  vat  i  on  oeenrs.  Diiplieati'  runs  wi're  made 
for  each  test  eondition  and  m, it  (-rial. 


Total  Spc'clmens. 


Probes  Blocks 

Carbon  sti'el 
Nitronic  JT  w/creviie 

I’olal  12  b 


Test  kesnils.  i'tie  tolerance  ol  Nitronic  ii  stainless  steel  lo  ion 
migration  was  substantially  gre.itc-r  than  Ib.it  of  carbon  stc'cl.  Figure  11 
shows  .1  ty-fiica!  potential  versus  time  curve  for  ,in  ion  migration  test 
run.  .Nfler  a  jip  rox  i  m.i  t  e  1  y  200  bniirs  with  voll.ige  applied  .icross  the 
cell  the  carbon  stec'l  became  active*  .is  inilicated  by  an  dectease  in 
potential.  The  Nitronic  Ti  stainless  steel  rc'iiia  i  nc'd  [lassive  for 
1900  hours. 

Altor  If'OI)  hours  ot  tc'stiiig  with  the  potential  applied,  the  tests 
were  t  e  riii  1  u.i  t  ed  .ind  the  probes  were  removed  t  rom  the  loncrete  blocks  by 
(  riisbing  the  blucks.  The  Nitronic  id  specimens  showed  no  c'vidence  of 
■  lit. ok.  .As  shown  Ml  figure  12,  the  c.irbon  steel  showed  cons  i  ib*  r.i  b  I  e 
.itt.uk  ind  t  fir  Nitronic  11  st.iiriless  steel  showed  no  .ittack. 


Tf'St  Si-tijp.  riif  Irsl  f(jr  cva  1  ii.i  L  i  oil  of  depass  i  val  i  on  .il 

clost'il  (  r.u  ks  IS  stiowii  in  i  ignro  17. 

Test  .'lo.isii  iiini'nl  s  .  I’.oriiision  polonli.il  versus  time. 

Test  Conditions.  Seawater  exposure.  Diiplieate  specimens  for  e.ic  h 
ma  t  e  r  i  .1 1  . 

Tot  a  I  Spi'i  miens  . 

Pridies  Blocks 

C.irhon  steel  w/ert'vici'  4  1 

.\itroni(  ii  w'/irevice  4  2 

1  o  t  .1 1  8  4 

Test  Results.  N.'ither  the  i.irhon  steel  nor  the  Nitronic  3i  stain¬ 
less  stt'el  ik'pass  1  va  ted  at  closed  cracks  during  the  duration  of  this 
test.  The  currosion  potcmtial  versus  time  for  th(>  carhon  steel  is  shown 
in  Figure'  18  and  the'  corrosion  potential  for  the  Nitronic  33  stainless 
steel  versus  time  is  shown  in  Figure  Id. 

Ttie  test  bars  in  these  .specimens  were'  rc’inovt'd  from  the  tf'st  blocks 
after  1200  hoiirs  of  exposure  in  the  di'|iass  i  v.it  i  on  at  clcisc'd  crack  tests. 
Neitiier  tfie  c.irhon  steel  nor  the  Nitronic  51  sl.iinless  stei'l  specimens 
showeii  any  attack. 

Test  Serie.s  No.  3  -  Ion  Dilliision  Tolerance'  at  tllosc'd  Cracks 

Purpose  of  Test,  lo  deti'rmine  t  lie-  lelative  lolc'iance  of  carbon 
steel  and  Nitronic  15  c'liibedded  in  concrete  to  incrc'.ised  ic'iiic  contc'iit 
resulting  from  lorcc'd  di  I  fusion  ol  sc'.iw.iter  into  the  c'oncrete  in  the' 
presenc  r  of  a  c  I  osed  c  1  ,ic  k  , 

lest  S|)i'.  1  iiic'iis  . 

•  C  .1  rbon  st  ee  I  w  /ct  i  \  1  e'e 

•  Nit  roll  I  c  55  w/  c  rev  ice 

Test  .setup.  Itic  tc'st  si'tiip  lo>  I  he-  'le  t  e  ran  i  n.i  t  1  on  of  ion  cl  1  f  t  ns  1  on 
toli'i'.incf  at  ‘  losecl  I  r.ic  ks  w.is  ..imil.ii  to  the  test  sc'tiip  feer  the'  cletc'r- 
iiiin.it  ion  of  dc’p.i.ss  1  v.it  I  veil  ,1!  ch'Si'd  c  1  .u  ks  ecxt'pt  tli.it  t  hi’  iiinc'r  bars 
were'  used  .is  .1  coiinter  electro'le  t  c.  produce  .1  potent  iai  grailient  v.  1  t  h  1  n 
t he  spec  i men . 

best  Mcsisu  reiiien  t  s  ,  forrosion  potenti.il  versus  t  1 'lie' . 

J’c’si  Cond  1  1  ions.  Son.,. iter  1  mine  rs  1  on  . 

1.  T  i  iiU’  to  di’p.i  s  s  I  v,i  t  1  c  .11  with  diffusion  potent  i.il  on. 

2.  Kan  sl.iilili'ss  sleet  s|'ei  imeii  tor  t  I  me  llc’e.fed  to  dep.i  s  s  l  \'.i  t  e 

carbon  .-.tool,  then  tiolcl  -  n  si.iw.itoi  without  diflnsioii  colt.uo'  !■  1  U)  d.iys 
to  determine  if  de  i  .1  '.’ed  di  p,i  s  s  1  v.i  t  1  on  oi  c  11  r  s  .  I)u|'  1  1  1  .1 1  e  inns  v  o  1  e  m,i  cie 

on  e.i  ch  ni.i  t  <  ■  r  1  .1  I  . 


I'  I  1  ill  IS 


liliK  ks 


Tu L a  1  SjuT  1  niiMis  . 


ka  rhoii  s  I  i‘c  1  w/  c  rev  i  t  r 
N'  i  I  roil  It  i  ;  w/ 1  ri“v  i  i  o 


Tt'sl.  Hcsiills.  Tilt'  tarlmn  slct'l  spot' i  nuns  (It'pa  s  s  i  va  t  t'li  after  an 
averajit'  of  T2  htairs  of  afiplit'il  riirrenl.  The  Nitroiiit  ii  stainless  steel 
renia  i  neci  passive  alter  IfiOO  hours  ol  applieil  current, 

rile  test  hais  in  thest-  specimens  ueit'  r  emuveii  from  the  lest  blocks 
to  cleterniine  their  snriate  t  oinl  i  t  i  on  .  The  N' i  t  run  i  c  ii  stainlc'ss  steel 
spec  linens  showed  no  attack.  File  c  arhon  steel  tt'st  specimens  showt'd 
1  tins  i  de  rail  1  e  surface  attack  in  the  .irea  of  the'  crack. 

Fc'St  St'i'ies  No.  (i  -  R('[iass  i  v.it  i  on  .it  Closed  Cr.icks 

Purpose  of  Test.  Td  detc'rmine  the'  rc'l.itivc'  ability  of  carbon  steel 
.ind  Nitronic  Tii  embedded  in  cone  rt'te  to  I'cpass  i  v.ite  in  the'  prt'senre  of  a 
closed  crack  if  ccirrosion  initi.iti's  wTu'ii  the'  c  r.ick  is  opt'ii . 

Test  Spt'cimens. 

•  Carbfin  ste'e'l  w/crevitt' 

•  Nitronic  ii  w/cre'\'ice 

Test  Setup.  The  te'st  st'tnp  fcir  this  si'ri-'s  is  identie.il  to  that 
shown  fcir  clep.i  s.s  i  va  t  i  on  ,i  t  opc'ii  c  rat  ks  (Kigiiri'  17). 

T't'sl  Me.isn  reiiient  s  .  tlorrosion  potent  i.il  versus  L  i  int' . 

lest  Conditions.  Open  cr.ick  until  torrosioii  initiates.  Mt'.isnrt' 
time'  to  .ichieve'  rep.i  s  s  i  v.i  t  i  on  .  Diiplit.ile  runs  we're  m.icle'  lor  test  condi¬ 
tion  and  ni.i  l  e  r  i  .i  I  . 


B  1  o  t  k  s 


I'ot  .1  1  Spt't  I  mens  . 


tl.l  rboii  s  t  e  I'  I  w/'  c'  1  e'V  i  ci' 
N  it  ron  1  t  i  i  w  / 1  ri'v  ice' 


Test  Kesiilts.  As  the  Nitronic  ii  st. unless  stei‘1  did  not  di'p.issi- 

v. iti'  ,it  opt'ii  cr.icks  o\i't  the'  dnr.it  loll  ol  the  ti'st  in  Serii's  No.  it 

w. is  not  possible  to  m.iki'  a  comp.irisoii  bi'twe-en  the  i.irbeiii  steel  .ind 

•Nitronic  No  .  i  s  t  ,i  i  n  I  c  s  s  s  t  I'c  1  tor  the  .ih  i  1  i  t  v  to  re'pa  ss  i  v  .i  t  e  .  I  he' 

carbon  steel  re  'p.i  s  s  i  v  .i  t  ed  within  ih  hours  of  e  1  os  i  ii^  the  cr.ick  .is  s  tic'w  n 

1  II  !•  I  i;n  t  c'  do  . 
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Test  Series  Nn.  7  ■  De^i.i  s  s  i  v.i  l  inn  .it  iiiun  >  r.n  ks 


I’u r^iose  (it  Test.  Tn  i|e I  e  i  in i  in-  t  tn ■  i  '■  i  .i t  i  Vi  i. ii  . i  i ■  1 1 1  i  I >  i  1  i  t  y  '  I 

ea  r  hoii  steel  and  N  i  1 1  (Ui  i  (  1  i  emlndded  ■  n  ■  ■  m  i  >  1 1  It  .  li  -  ii.i ,  i  ^  .i  t  1 1  ,i  i  in 

the  p  re  sene  e  o  I  tracks  in  the  t  ciu  in  - 1  e  i  1 1\  ••  i  .1  \.  .i  i  m  nri  \  i  ■  1 1  li  s  . 

Test  Sjiec  1  mens  . 

•  Carbon  steel  w/i  revue 

•  Nitronu  TT  w/in-vue 

Test  Setup.  The  test  setup  Im  de  t  e  i  in  i  n  1 1  i  nii  "I  di-p.is:-u at  i  t.ii  .it 
open  cracks  is  shown  in  Fi>>ure  dl. 

C ra rj^  Wjd t h s  . 

•  1/64  inch 

•  1/Jd  inch 

•  1/lt)  inch 

•  1/8  inch 

T^st  Measurements.  (aifius  i  "ii  pi  lent  i  il  -.eisns  lime. 

Te.St  Coiul  1  t  i  lUlS  .  Se.iu.itei  1  ninie  I  s  I  ■  UI  .  Unplii  ate  spei  inien;-  In  e.nh 
material  and  cratk  wiclth. 

Tot  a_l_  Spec  i mens  . 

I  U-heS  Hl.uks 

t.’a  rhcn  s  t  ee  I  \e u  re\  i  i  <-  I  •  S 

N  1 1  run  i  c  i  i  w/ 1  rev  u  e  I  • 

Till..  I  c;  la 

lest  Results.  Nein  n  I  I  In  ;  I  i  •  -  n  i .  t  .i  i  n  1 1  -  .  s  I  ei  ■  I  ■-  pi-i  i  men  s  s  li  a-  e  I 
depass  I  vat  ion  during  the  'Iniilieii  i  ne.u  |.  .i-  l!n  ,  iilmn  -  t  ee  1  lii  . 


with  1  - l  IK  h  cove 

1  s 

bowed 

dep.i  :■ 

s.  I  \  t  (  I'll 

1 1  pt ' n  1  mini ■  1  :.  1 

.  n  1  ' .  1  tin  1  .'-.-llnh- 

wide  crack,  S()  h 

mi  r 

s  tor 

the  1 

1  ti-  Ml'  Il 

1  1  1 1  I;  ,  lie  h 

.  1 1  i  n  1  . .  1  tin  1  . .  -  M 

crack,  and  180  h 

<Mi  r 

s  (or 

I  he  1 

f  *  -  }  IM  Ij 

lint.  !  In 

.  1  1  1  n  'll  1  I  e  1  I'll 

with  2- 1/4- inch 

t  tiV 

er  sh 

oV  d-  p 

>  •  1  \  J  i  *  • 

1 :  1  ainii  d  i  1 1  i  1 

u|  1  'll  1  mill'  1  s  u  '  1 

the  1 /8- i nch-w  1  d 

f  1 

1 .1  (  k 

hilt  11 

!  1 1 1  M :  w  f  ■  1  I 

a  e  •  .  c  e  In  1 1  i 

1  .-I  1  .  !  1  he  1 

and  tighter  irai 

ks  . 

Kiy 

nres  y 

>11.1  .■  ■■ 

■  llev  the  p  -t 

•  l:  t  1  1  1  '  -  t  tin  III  1 1-  [ 

(  2  -  1  /  4  -  1  ruTi  ca  1 V  e 

I-  ) 

and  o 

111  e  1  1 

1  -  1  m  II  .  ' 

■ve  1  1  n.li  \  e 

1  -  le.  t  1  III' 

1  he  ter.  t  I'i 

i'  S 

:  n  1  h 

e-.e  p 

’  1  1  III'  1 1  • 

■  ■  1  e  1  .-III.  I-,  ,  -I 

'  1  .-m  I  '".t  1  e  .  k--  I 

lie  t  e  rmi  lie  t  he  i  i 

sm 

1  .1  t  e 

'  ..nil  1 

1  •  ■  n  \ 

p.  1 ,  1  e  I  , 

(-III-  *  I  e  1  .  I  c  ■ 

Nitronu  1  i  s  t  .1 1 

lllr 

SS  ‘.I 

eel  .  n 

If'  1  null 

Ir  I  1 1  t  1 

.  i  '  I  .  I '  1 ;  1  111-  11- 

s  t  ee 1  spec  i mens 

sfi" 

ved  . 

■lieu  k 

■  1  .1 1'  !  ■  .1  !  ! 

111, 

1  esi  Ser  1 1".  S'l  . 

t.. 

1  . .  1  , 

■ .  I'll 

!  :  "i'i  ■ 

ITlrjn.Se  ,i| 

!  m. 

1  .  1 

. .  1.  1  • 

•  1  |t>  M  i  '  •  ■ 

1  1  ■  . 

.  I  I  '  ,  ’ 

p  1  < idiu  t  s  [1  rodn  e 

1 

n  t  In 

.  ■  1  1 

J  I  !  :  ’  .  .  , 

1  '  »  ■  :  .  ' 

emhedded  l  ii  coiic 

t  ft 

r  , 

.■-■.V.'-'A'  . 


-c  V  A 


■  ’  '-f  ‘  ^  s'**.'  s""-.' 


Test  Sp e c  i mt* ti s  . 

•  Carbon  steel 

•  Nit  roni c  \  i 

Test  Setup.  The  lest  setup  (or  the  ile  t  »■  rm  i  na  I  i  on  of  rorrosion 
proilurt  volume  is  shown  in  Figure  26 . 

Test  Measurements. 

•  Change  in  cylinder  ilianieter 

•  Visual  inspeition  of  met  a  1 -< oiu  rele  interface  at  end  of  lest 

•  Weight  loss  of  probes 

Test  Conditions. 


•  Seawater  immersion 

•  Anodic  current  from  p nipoga I i on  rate  test 

•  Triplicate  spc'cimens  for  c'ac  h  material 

Total  Spec imens . 

Carbon  steel  .1 

Nit  ron i c  it  t 

Total  6 


Test  Results.  As  corrosion  of  (tie  N  i  I  i  on  i  c  it  stainless  steel  did 
not  initiate  in  the  propagation  i.ilc'  tests  it  was  not  possible  to  perform 
the  tests  for  the  N  i  t  ron  i  c  it  st.iinli’ss  sloel  in  this  sc'ries  as  appro¬ 
priate  corrosion  currents  could  not  be  es  l  .ib  I  i  slie'l  . 

There  were  no  instance's  in  I  In'  tests  perlormed  for  this  v.ilidation 
that  resulted  in  t  tie  gt'neration  of  siilfic  lent  volumes  of  corrosion 
products  to  establish  any  conclusions  leg.irding  the'  ('fleets  of  corrosion 
product  volume  cin  corrosion. 

T('st  Seric's  No.  d  -  Fvaliiation  of  l‘ i  c's  1  i  es  sed  File  Spc'c  imc'iis 


1 


Fiirpose  of  Ti'st.  To  detc'rniine  the  susceptibility  of  Nitronic  ii 
and  c.irbon  steel  str.ind  ('mtiedded  in  concrete  to  depa  s  s  i  va  t  i  on  using 
specimens  cut  from  a  p  rc' s  t  res  sc'd  ti'sl  piling  si'ction  with  cracks  in  the 
concrete  cover.  Original  (ilaiis  to  test  the  specimc'iis  from  Itie  piling 
without  cracks  wi're  not  pertoimc'd  .is  t  lie  ri'sistance  to  corrosion  initia¬ 
tion  of  both  the  carbon  steel  .•nd  Nitionic'  ii  stainless  steel  in  speci¬ 
mens  without  cracks  was  likely  to  t'e  longer  than  the  time  available  for 
these  tests.  (iriginal  pi. ins  to  te'st  e.ich  str.ind  in  the  sections  cut 
from  itie  pilings  wc're  cti.ingc'd  since'  it  w.is  dc'termiiK'd  that  the  str.inds 
were  c' 1  ec  t  r  i  c  a  1  1  y  conni’ctc’if  through  t  lie  spir.il  wrap.  It  was  also  deter- 
minc'd  after  tlie  origin. il  pi. ins  foi  t  li  i  s  test  that  th('  spir.il  reinforcc" 
men  t  s  in  the  Nitronic  i  I  s  t  .i  i  n  I  es  s  steel  p  r(' s  I  res  st'ef  piling  we  re 
Nitronic  i  .J  stainless  s  1 1'  e  I  . 


■>  .■ 


I  :  H 


,\Ni  A  -V.  •- 


rest  Specimens.  tnit  from  test  piling  prestressed  witli  Nitronic  ii 
strand  and  carbon  steel  strand. 

Test  Setup,  The  test  setup  for  the  determination  of  the  suscep¬ 
tibility  of  carbon  slec'l  and  Nitronir  M  stainless  steel  strand  in 
specimens  cut  from  test  pilings  is  shown  in  Figure  27.  The  faces  and 
ends  of  the  test  sections  were  sealed  with  paraffin  prior  to  filling  tlie 
rc'stevoir  witfi  seawater. 

lest  Me.isiirements .  Corrosion  potential  versus  time. 

Test  Coiid  1  t  1  ons  . 

•  ScMwater  immersion 

•  Crack  widths  -  1/8  and  1/lb  incli 


•  -  C.^ 

•  .  •  , -r . 


yW 


St  rands 


Blocks 


lot  .1 1  Spec  1  mens  . 


' .1 1  ten  steel 
.S  i  t  ron  1C  i  ) 


lest  Results.  file  c o r ros  1  on  po t eit t  1  a  1  s  versus  time-  for  the  carbon 
steel  .ind  .Nitronic  i.i  st. unless  steel  piling  sections  showed  e-rratic 
behavior.  Ibis  w.is  .itlribiited  to  t  fie  more  cumple.K  gc-oinc'try  of  the 
spec  linens,  tfie  ptesence  of  tfie  spir.il  re- i  n  1  o  rcc-men  t  wtiich  was  exi>osed 
I  tint  co.ited  w  1  t  ti  p,i  r,i  f  I  1 II  )  ,  ,ind  tfie  vari.itioii  of  c<ivc-r  over  the  strands. 
Itie  p'  teiiti.ils  indic.itc'd  tliat  thc-re  m.iv  be-  limited  corrosion  activity  in 
Ix.itfi  tfie  c.irl'oii  steel  ,uid  Nitronic  ii  •tainless  stc-el  prestressed  spc-c  i - 
mens  . 

1  poll  completion  of  tfic’  potc-nti.il  measiiremc-nt  s ,  tfie  str.ind  .ind  spiral 
reinforcement  w.is  lemoved  from  tfie  lest  s|>ec  i  mc-ns .  As  shown  in  ligiire  2K, 
the  carbon  steel  .'.tr.iiid  .uicl  spir.il  showed  cons  I  clc' rah  1  e  surf. ice  attack  in 
t  tie  vicinity  of  t  tie  c  rac  ks  . 

rtie  Nitronic  12  stainless  steel  spir.il  rc’ i  n  f  o  rc  emeu  t  in  tin-  piling 
spec  imens  showc-d  several  areas  of  me  ipient  .itt.ick.  ihe  str.iinl  in  tlie 
specimens  was  lUct  .ittaiked.  The  coiiclition  of  i  fie  strand  and  spir.il 
reinforcement  is  shciwii  in  figure  2‘) , 

Test  Series  No.  10  -  Kv.i  1  ua  t  i  on  of  lii-l’l.icc-  Filings 

I'lirpose  of  lest.  TO  cfetermi  nc*  the  short  term  (17-month)  pe  r  t  o  rm.i  lu  e 
of  prestresse'l  fillings  f.ihricaled  using  hotfi  c.irtion  steel  atnf  Nitronic  ii 
st, unless  -cteei  exfiosed  in  a  marine  structure. 

Test  Sfiei  imeiis.  Filings  in  the-  Sf.A-I.AND  pier  -  Fort  of  T.ucim.i. 

T(-st  Setiifi.  The  tc-st  pilings  wc-u-  evaluated  using  a  lic-vc- 1  opmc-nl  ,i  1 
diver-field,  s  ii  r  t  a  c  c- - s  iifipo  r  t  ed  proht'  wfi  i  ch  measured  the-  flow  of  curu-nt 
into  or  I  roiii  tfic-  surface-  of  the  test  pilings.  Tlie  tecTiniifiie  is  descril'c-if 
in  NCKI,  TM  ,T2-HS-01. 
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'[’fsl  Mt'.i  s  II  1't'iik‘ii  I  s  .  lortMsioii  iiiirciits  ri-sulliii^  i  rdiii  (utiDsiiin 
tells  tin  I  tu'  [u  i‘s  l  less  i  iig  slr.iini  ur  .s|im.i1  re  i  ii  1  i  <  ri  fiiien  t  .  '.isii.il  uhsci- 
V, it  ions  ol  siirt.Ko  ilclct  ts  on  |)iliii>;s. 

Tosl  lojllil  1  I  i  nils  .  SiMU.ltlT  I  IIIIIIO  I  S  i  on  o)  itllVCII  |MllIlg  III  .111 
I  n  -  So  r  V  i  t  o  s  I  nu  I II  ro  , 

Tost  Hosnlls.  \o  s  1  >;ii  1  1  I  (  .ml  lorrosioii  .iilivily  w.is  liototloil  in 
(Miller  llie  \  1  t  r  III  1  k  >1  sl  iiiilf'ss  slf'cl  or  llio  '  .irluui  sleel  p n o; I  res stol 
pilinys.  The  re.elinys  ''ht.ijnoil  on  liolli  lyi'es  ol  pilings  were  sl.Uis- 
l  1  (  ,1  1  I  \'  I  Ten  t  1  (  .1  I  .  ;-iin,i  i  1  1  ot  .i  I  i  otis  ■  ni  the  N  i  I  rm.  i '  i  i  s  I  .i  i  n  i  es  s  sleel 
p  re  s  I  !'(' s  seh  piiinp  where  liiiiileii  corrosion  .itlivily  w.is  loc.ilisl  were 
torrel. ill'll  with  i.irhoii  slml  "pre-lies"  used  in  I  he  iii.inii  f  .icl  ii  re  of  llie 
I  t's  I  p  I  1  1  iiy  . 

Due  to  I  h  s  1  r  iiiiieii  I  I  I  III  I  1 .1 1  1  till  s  ,  I  tie  re.iklin.ys  l.iken  liiiriiiy  I  he  firsl 
inspetlion  o!  I  he  lest  pilinys  on  IJ  Sep  i  ciiilie  r  .ind  li  Sep  I  eiiilii' r  19KS 
showed  no  (utrosion  .iitivitv  on  iMlIiei  piling.  Ihe  |ie  r  I  o  rni.ince  of  llie 
prohe  W.IS  s  II  h  s  l  ,1 II  t  1 ,1  I  1 improved  hv  modifying  llie  electronics  in  the 
lop.side  1  ns  I  r  iiiiien  1 .1 1  i  on  p.iik.ige  .ind  the  lesl  jiriduM  .A  set  mid  inspeclion 
of  the  piling:  oii  ;i  tU'tolier  I'IKh  .iiid  I  NocomiIkm'  l'f<Sh  ri  suited  in  llu' 
gener.ilion  of  reliihle  .ind  iiie.ininglnl  test  results.  llie  torrosion 
iilivily  in  lh(‘  le:l  pilings  w.is  (e\iieiiiely  sni.i  I  I  .  The  ni.ixiimim  re.idings 
onl, lined  wt're  les:>  Ih.m  one-leiilli  of  the  re.idings  typic.illy  ohl. lined  lUi 
l.ihor.ilory  spekimeiis  where  corrosion  .utivily  w.is  known  to  he  oitiiring. 
i'lgiires  it)  .ind  ’.1  show  Ih.il  llie  re.idings  ohl. lined  tor  holh  the  t.irhon 
stt'el  .ind  st.iinless  steel  wiMC  Sllliil.ir  ill  the  f  reipjent  y  of  ri'.idings 
veri.iis  tiUMi'  pol.irily  ind  inlensily.  .As  shown  in  k'lgiire  Id,  whith  is  .t 
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was  ronsiilered  possible,  [la  r  t  i  cii  1  a  r  1  y  as  their  presence  was  c  on  f  i  rme<l  in 
Figure  33  which  shows  a  small  bar  magnet  being  snsiiended  from  the  Lie 
wire. 

Tile  presence  of  the  limited  number  of  small  larbon  steel  ties  in 
the  exposed  pilings  is  not  considered  to  be  significant  from  tfie  stand¬ 
point  of  the  lifetime  of  the  pilings,  however,  the  use  of  such  tie  wires 
should  be  avoided  in  future  construction  so  that  insjiection  using  current 
probes  can  be  more  readily  interpreted.  In  fact,  confirmation  of  the 
ability  of  the  test  probe  to  detect  such  sni.i  I  I  sites  of  limited  activity 
was  considered  to  be  a  positive  aspect  of  the  prestuiie  of  the  carbon 
steel  ties  in  the  Nitronic  33  tevst  pilings. 

IMPACT  OF  CORROSION  ON  STRUCTURAl,  INTF.GRITV 
Pur^iose  of  effort 

The  purpose  of  this  effort  is  to  .issc'ss  the  iiiip.ict  of  the  type  and 
extent  of  corrosion  which  is  1 i kc  1 y  to  occur  on  Nitronic  33  stainless 
steel  in  concrete  on  the  striutiir.il  integrity  of  |i  res  t  resscnl  and  rein¬ 
forced  concrete  structures.  .As  the'  d  i  st  r  i  luit  i  on  ,  type,  and  extent  of 
corrosion  of  Nitronic  33  is  likely  tc'  be  siibst  .iiit  i  .i  I  1  y  diffi>rent  from 
that  of  the  carbon  stec-l  commonly  used,  the  si  met  iir.i  I  impact  of  the 
corrosion  which  is  likely  to  occur  on  the'  Nitronic  13  m.iy  .ilso  be  sub¬ 
stantially  different. 

Rf'siilts  of  .Assessment 


The  results  ci  f  this  .issc'ssmeiit  .ire  included  in  this  report  as 
Appendix  A.  This  assessment  w.is  perf Driiic'd  by  Dr.  Cc'orge  W.irren  of  NCEL. 
The  assessmc'iit  showed  tli.it  t  hc'  structur.il  iiiip.ict  of  d  i  s  t  r  i  bii  t  cul  loc.ilixed 
attack  of  the  type  ,iiit  i  c  i  p.i  ted  ferr  the  Nitronic  11  prestressed  piling, 
should  it  occur,  would  be  less  si'rious  tli.in  the  more’  general  .ittack 
which  would  be  likely  to  occur  on  c.irbon  slec'l  p  res  t  rc>ss('cl  structures  of 
similar  design. 

ASSESSMENT  OF  INDUCED  ELECTR I  CAl.  CURRENTS 
Pu rposc'  of  Effort 

Tli(>  [iiirpose  of  this  effOrt  is  to  determine  the  ni.ignitude  .ind  I  i  ke  I  v 
p.iths  of  electrical  iiirri'iils  which  ni.iy  be  induced  in  (i  rc-s  t  re  s  sc-d  concrete 
s  t  riu’ 1 11  ri's  by  [luls.iting  m.ignetic  fields.  It  is  possible'  tbit  elc'clric.il 
currents  which  .ire  i  ndiu  eel  c.iii  flow  from  the  re  I  n  (  o  rc  c'men  t  into  an 
electrolyte  .iiid  induce'  corrosion. 

Results  of  Assessment 

This  assessment  w.is  performed  by  .Mr.  .Jim  flrooks  .if  Nl'f.l..  I'he 
results  of  tills  .i  s  se  s  sme  ii  1.  are  given  in  Appc-ndix  11.  fhe  .cisessment 
showed  tint  tfie  worst  c.ise  currents  .ire  less  thin  1  .impeie.  This  levc'l 
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IS  suhstaiit  1  a  1  1  y  he  1  ow  tfiat  requiren  to  cause  significant  corrosion 
activity,  and  can  tu*  reduced  s  iihs  t  an  t  i  a  1  1  y  hy  increasing  the  resistance 
of  the  curri'iit  palti  hy  not  allowing  the  prest  ress  i  ng  strand  to  |)rotriide 
from  till'  hottom  of  the  pilings.  .As  this  will  tu-  ri'piired  to  prc'vent 
direct  contact  hetwei'ii  the  strands  and  seawater  or  hottom  sediments,  the 
currents  in  an  actu.il  structure  will  be  insignificant  from  the  standpoint 
o  f  c  (1  r  ros  1  on  . 


RKVIKW  OF  TEST  RESULTS 

This  review  of  test  results  is  teased  upon  the'  c' 1  c'c  t  rochem  i  ca  1  tests 
and  the  actual  condition  of  the  test  bars  removed  from  the  test  specimens 
excejit  for  the  evaluation  laf  tfie  in-placc  |ii  lings. 


Test  Series 


Resii  1  t  s 

Nitronic  3T  more  resist.int  to  lower  pH  and 
incrc'aseii  chloride. 

Nitronic  53  more  rc'sistant  to  ion 
mi  grat i on  . 

Carbon  steel  became  active;  Nitronic  33 
remained  passive. 

Neilhe'r  alloy  became  active'. 

Nitronic  .53  more'  resistant. 

Carbon  stt'el  repass  i  vat  c'd  ;  Nitronic  3  5 
did  not  depass  1  v,it(' . 

Carbon  stc'el  de(>  is  s  i  v.i  t  ed  ;  Nitronic  55 
did  not  depass  I  v.itc' . 

Carbon  steel  dc'pass  i  vated  ;  Nitronic  53 
did  not  depassivate.  Corrosion  product 
vo  1  umt'  insufficient  to  cause  measurable 
changes . 

C.irbon  steel  corrodc'd;  Nitronic  >5  did  not 
corrode.  Nitronic  52  showed  incipient 
corros I  on . 

No  s  I  gn  i  f  1  CM  n  t  ditterc'iue  between  pilings, 
t.'.irboii  stec'l  in  Nitronic  55  piling  h.id 
become  active,  otherwise,  no  signiticMiit 
.ic'tivity  in  eitlier  piling. 
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I  ndii ct'd  (111  r  ren t  s 


Kesii  1  I  s 

I  he  type  of  .ill.uk  cexjiet  L  <-d  on  till  N'  I  t  I  ei:  I  i 
i.h'iiilil  it  oilin',  woiil.i  h.ive  le.s.s  in!|i.iit  th.iii 
lli.il  III  the  lypie.il  lorrosioii  ol  t.irhoii  steel 

Ihe  ellei't  of  imlineil  elect  rir.il  iiirreots  wil 
he  1  ns  1  gii  1  I  i  c.int  .iinl  ni.iy  he  e.isily  reiliiceil 
f  11  r  t  he  r  . 


CONCH’S  I O.N’S 

h.ised  upon  the  results  of  nil  of  the  tests  peifoniied  in  this  va  1  i - 
d.ition,  it  is  concliided  that  the  resist. nice  of  Nitronii  Id  stainless 
stt'el  to  corrosion  in  r-n  v  i  ronnieii  I  s  representative  of  those  found  in  a 
prestressed  or  reinfort  ed  striicLiire  is  superior  to  the  corrosion  resis¬ 
tance  of  carhon  steel . 

The  type  of  local  att.ick  which  iii.iy  ottiir  it  corrosion  of  the 
Nitronic  .13  st.iinless  stt'el  is  initi.ited  will  have  less  effett  th.in  the 
distrihated  corrosion  wlitcii  ocinrs  on  t.irhoii  stet'l  prest  rt'ss  i  rig . 

Klectrical  tiirrents  induced  hy  the  op<>ra  t  i  ona  1  magnetic  fields 
associated  with  degaussing  facilities  will  not  result  in  .acce  1  er.i  r  t  ed 
attack  of  th(  Nitronic  31  st.iinless  steel. 


NKKD  FOK  iMlI.'lTIfiNAl.  F.FFOKTS 
Const  ruct  i  on  Cr  i  ter  i  .i 

.As  the  profierties  ,ind  [ler  foriiiani  e  of  Nitronic  13  st.iinless  steel 
have  heen  found  to  he  s  uhs  t  .i  n  t  i  .i  I  I  y  ditfereut  from  the  commonly  used 
carhon  steel,  it  is  necess.iry  t>  develop  different  criteria  for  the 
construction  .ind  const  nut  i  on  inspeilioii  ol  structures  using  N  i  t  ron  i  c  11 
stainless  steel.  This  h.is  .i  I  re.idy  heen  .u  Comp  I  i  shed  for  the  design  of 
.Nitronic  11  prestressed  ,ind  reinforced  structures  where  siiili  differeiiies 
in  strength,  elasticity,  stress  ri' I  .i  x.i  t  i  on ,  hond  strength,  .ind  weldahilily 
were  assi-ssed  .ind  i  h.inges  to  the  design  .ind  f  .ifi  r  i  c,i  t  i  on  of  the  structural 
elements  were  moif  i  f  i  ed  is  iiecess.irv.  Ihis  niust  .1  1  so  he  done  for  the 
d  i  t  f  (■  reiu  es  in  coriosion  heh.icior.  1  he  most  i  r  i  t  i  i  ,i  1  t.iitors  ri'l.ited  to 
corrosion  pe  r  I  o  rm.ince  .ire  1  i  ke  I  v  to  tie  the  toler.ihle  limits  for  cr.iiking 
in  the  cover  over  |' re  s  t  i  i  ■  s  s  i  ng  i.tr.md  ind  reinfon  ing  h.i  i  s  ,  ..nd  I  fie 
method  for  rep.iiring  mu  h  i  r.ii  ks  iinl  eni  .ipsii  I  .i  t  i  ng  tfie  exposed  ends  of 
the  prestressMig  str.inds. 

.^la  1  n  t  ena  nee  ,  Hep.i  i  r  '■letliods,  .ind  I’rileii.i 

.As  tor  i  on  s  t  r  111  t  I  oil  .  r  i  t  e  r  i  .i  ,  it  will  he  necess.iry  I  .■  develop  .  1  i  t  - 

1  e  ren  t  methods  .ind  i  r  i  t  e  r  i  ,i  I'M  the  i  n  -  .si ■  r\  i  i  e  i  n '  pei  l  i  .  ui  .  ■  I  s  I  ni i  I  ii  l  e s 

using  N  1  t  ron  1  I  11.  Ihe  most  i  i  i  t  i  i  .i  I  1  1 1  I  o  i  s  i  e  i  .i  t  o  I  to  .  o  i  r  o  s  i  on  p,r- 

f  o  rm.i  nee  ,i  r  e  I  i  ke  I  y  to  h.  ■  the  do  t  f  I  i  'Ui  , .  f  <  o  r  i  os  i .  ui  .i  i  l  i  \  :  I  v  ind  the 

1  oc.i  t  1  on  of  t  tie  position  c ' !  the  p  i  e  s  t  C' s  s  i  1 1  g  str.inds.  II;.'  t  r  t  p  t  ohi 
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r  1 1  r  r. ' s  I  '  111  pi  ■  r  !  . .  rill  I II  t  e  ,i  re  1  i  ke  1  v  l  <i  iu  t  In  ■  rm  - 1  In  .i|:,  1 1  ■  i  rep.il  r  el  i  ii  ■ 
leiAiie  rr.nkiii'j  i  ;i  Un-  i..\-er  evi'i  p  rr-r  I  res  :  i  ii  e  str.iin!  .iinl  i  e  i  n  |  . .  ri  i  iik 
li.irs,  .Hill  tin  tin  iiietln..is  ler  sp.ille>l  element:.. 
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i.eiii;  ter, II  1  .rpes'ii  re  is  the  in.  .s  t  reli-ihle  im-t  he.!  e(  lie  I  e  i  nn  n  i  n  it  .nlii.i! 
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Mill  in  sun  1  1  ;..iiiip!es.  .-.liile  the  results  e|  sin  ii  tests  c.iil  he  iise.l  L" 
(■.iiiipire  pe  I  t .  ’  rni.i  nee  ,  t  ln'\  sheiil'l  iiel  In  use. I  le  pre.litt  the  liletime  of 
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sui'i'orl  tin'  rt  (  eiiiiiieinhil  inetho.ls  .uni  irileri.i  ■■fl.irls  .iinl  t.>  serve  us  .i 

h.isis  li.r  the  pri  'lilt  loll  e.  I  the  I'.ny  term  pe' r  t  e  rm.i  in  e  ..|  Nitt.'iiii  i  i 

st, unless  steel  in  liiii-se.ile  s  I  r  11  e  t  1 1  r'e  tu 
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Appendix  A 

ASSESSMENT  OF  IMPACT  OF  CORROSION  ON 
STRUCTURAL  INTEGRITY 


26  November  19a'o 


MEMORANDUM 


FROM:  l5i/warr::n,^  i-v 


TG:  L52/ JENKINS 


VIA:  L51  '  ;  ■ 

Ls:-  •  •H’  ' 

StJEiJ  :  St  r  Lict  i.ir  a  1  rinaly=is  ot  m  i  nq  pier  '  NA'.'STt^i  San  Dj  ego 

REF:  (a)  Final  35‘-.  Submittal  EfcC!  i  rier-r- 1  r  ig  Ca  J  ci '  1  a  t  i  or  iFt  Fciritrai  t 

N624  74  -  34  -  C  '  4  1  94  by  ASt^iM  C'O'O  1  t  i  nq  EnqineftrE 

(b)  Final  35'4  Snbniifial  Engirioerinq  Drawinqs  Contract 
N624  74'  34  C  -  4  I  94  ti  ,  AI-AM  Consulting  Erigineors 

1.  This  memorandum  is  to  tortiialire  out  c  on -.'er  s  .vit  i  nri  s  of  13  and 

26  Novemtier  on  ttib  Eutiject  r  t  ed  anal  /sis. 

2.  The  structural  analysis  oa?  c  lyr. ducted  or.  tfie  dec:!,  piinsd  s 

subjected  to  critical  crane  loa^ding.  The  objective  was  to 
determine  the  structural  response  to  ttie  Ic'ss  of  individual 
prestressing  strands  and  r  einforcir.g  bars  by  corrosion.  Cr  iticaJ 
loading  occurs  as  the  2'.’  lip  wt/ool  1  oads  of  ttie  30  ton  portable- 
crane  are  positioned  near  itii  d^yiari  of  the  decl-  ''between  p  i  1  s- 
bents).  A  review  of  Fleference-  showed  ttiat  the  pier  dec!  was 

the  weal  est  linl  in  the  structu'  e  wKiirti  included  the  curb  hearr.:  . 
pile  caps  and  the  piles. 

3.  The  most  sensiti.e  mec  Ka'ii  sni  i  ri  the  decl  panels  was  fle-.ure. 
Critical  loading  will  caus-,e-  the  prestress  strands  to  fail  at 
panel  midspan  prior  to  r  e  i  nf  or- c  e.TierO  yi^^ding  at  the  SLipports 
(pile  caps)  or  before  any  distress  occurs  due  to  stiear  or 
reactions.  Critical  crar'is  loading  will  prudtice  a  panel  ma:imun; 
midspan  moment  of  14.7  ft  I  i  ps  in  addition  to  the  dead  load 
(weight  of  the  structure-)  ninme-rd  ^if  135  ft-)  ips..  Using  Iciad 
factors  of  1.4  for  dead  load  and  1.7  for  live  load,  t)ien  t  fie 
ma-iimeim  design  i.iltimate  monir-nt  at  panel  midspan  is  4oC)  ft-  I  ips. 

4.  A  grapti  of  the  midspan  rlr;  ural  capacity  versus  loss  ef 
prestress  strand  for  eacii  de-c)  panel  is  attached.  The 
development  lerigtti  of  the  1  '?  i  ru  K.  diamete-r  strand  is  2'7  i  ru' tif^t. . 
so  the  graph  reflects  the  uitimaie  capacity  of  the  dec)  panel  a-- 
strands  are  sequent  i  a  1  1 -y  r  nr  r  oded  thr-oucjh  at  discrete  points 
within  20  inches  of  mil  d'-p,=>r, .  The  ultima-te  moment  capacity  i'  4" 
ft-),  ips  which  IS  well  abo-.  i  tt.--  :  equired  de-sign  strengtfi  of  4i7.:i 


f  t-)  1  ps. 


.-en  witti  the  Ic-ss.  of  or.e  strand,  the  capacit 


-uf  t  1.  lenh  to  r  t?5ist  the  ultimate  de^^ign  ifinment  and  there  would 
be  1 ii  tie  It  any  noticeable  deflection  increase.  After  the  loss 
'if  h  rtriinds  (randomly  placed),  the  panel  rapacity  approaches  the 
I ' '.,d  ri-sf'Onse  of  255  ft -lips  (wittiout  load  factors  applied), 
b'  tore  ci_i,-h  liisses  occurred  there  would  be  a  noticeable  increase 
in  d» '  f  I  ec  1 1  on  as  ttie  'O  ton  cratie  rolled  over  the  dec!:. 

5.  I  will  retain  the  calculations  on  file  if  you  need  them  for 
.I'ur  repor'finq.  I  shall  also  continue  to  review  and  checking 
references  (a)  arid  (b),  althotigh  I  doubt  I  will  find  anything  to 
re.  I  ee  my  estimates  of  ttie  structural  response.  If  you  need 
fur  ther  assistance  please  contact  me  at  e;;t  4765. 


iVlcjtiicnt  C!apacit\  It 


V.' 


• 

L72/JLB/at 

5095201 

26  Nov  85 

A,A-:s':v 

MEMORANDUM 

From:  L72/Brooks 
To:  L51 /Jenkins 

Via:  L7  2^ 

L70V(-,  All 

Subj:  CORROSION  CURRENTS  ASSOCIATED  WITH  HAYl  DEPERMING  PIERS 
Ref:  (a)  L51  memo  of  7  Oct  85  requesting  assistance 

1.  As  requested  by  reference  (a),  the  35%  design  reports  of  the  Deperming 
Pier  for  San  Diego  have  been  reviewed.  Preliminary  analysis  shows  that  the 
X-loops  of  the  structure  can  induce  currents  of  up  to  one  ampere  in  the  pier 
structure  when  the  separation  between  loops  is  10  ft.  All  other 
configurations  are  not  expected  to  present  a  problem  including  the  Z-loop.  If 
currents  of  up  to  one  ampere  present  a  corrosion  problem,  then  the  following 
steps  are  recommended: 

(a)  Choose  a  configuration  where  the  pier  structure  is  outside  the 
X-loops . 

(b)  Coat  the  rebar  steel  with  a  non-conducting  epoxy  prior  to  imbedding  in 
the  concrete. 

(c)  Do  not  allow  the  rebar  steel  to  protrude  out  the  bottom  of  the 
concrete  piling. 

(d)  Do  not  connect  the  rebar  steel  of  the  piling  with  the  rebar  of  the 
pier  top  structure. 


*s.  1 

On.  s* « 
* 


*.  .s 


JAMES  L.  BROOKS 


Copy  to: 
L72/Miller 
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IS  DFPI  OF  INTERIOR  Natl  Park  Sve.  RMR  PC.  Denver.  Co' 
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The  Naval  Civil  Engineering  1  jhiiratiiry  has  rev  ised  its  primars  distribution  lists  I  he  bottom  of  the  labi  i 
on  the  reverse  side  has  sev  eral  numbers  listed.  I  hese  numbers  eorresjiond  to  numbers  assigned  to  the  list  of 
Subject  Categories  Numbers  on  the  label  corresjionvhng  to  those  on  the  list  indicate  the  subject  categorv  and 
type  of  documents  you  arc  presently  receiving.  If  you  are  satisfieii.  throw  this  card  avv/av  (or  file  it  for  later 
reference) 

If  you  want  to  change  what  you  are  presentK  receiv  ing 

•  Delete  mark  oti  number  on  boiiom  ni  I.iIh  I 

•  .Adii  cirv  le  mimber  on  list 

•  kemove  m\  name  liom  .ill  v  our  lois  iliiak  bo\  nn  lol 

•  (  h.inge  m\  .iddress  line  out  iiuoired  line  iiu!  vviiu  ;n  voneition  (PLEASE  ATTACH  LABEL). 

•  Number  ot  ropns  should  be  enu  ii  d.  ,itu  r  ihe  title  ot  the  Milnei  t  i.  .iti  gories  v  on  selva  t 
I'oKI  on  line  below  aiul  virop  m  the  m.iil 

Note  Numbers  on  label  but  not  listed  on  questionnaire  are  for  NCE  L  use  only,  please  ignore  them. 
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DISTRIBUTION  QUESTIONNAIRE 

The  Naval  Civil  Engineering  Laboratory  is  revising  its  pr.rnary  distribution  lists 


SUBJECT  CATEGORIES 


1  SHORE  FACILITIES 

2  Consifuctioorneihodsand  rnater  lals  (including  co'^os'cn 

control,  coatings) 

3  ^ater^font  structures  (maintenance  deter -orafon  cor^troi ' 

4  Utilities  (mciuOing  power  conditioning) 

5  Explosives  safety 

6  Aviation  Engineering  Test  Facilities 
1  Fi'e  prevention  and  control 

8  Antenna  technology 

9  Structural  analysis  and  design  imciud'ng  nume‘‘Cai  ano 

computer  techniques) 

to  P'otect've  construction  (including  hardened  shelters 
shock  and  vibration  studies) 
t  1  Soil  rock  mechanics 

13  BEG 

14  Airfields  and  pavements 

15  Afn  AN(  FD  BASF  AND  A.MPHlBIOL’S  FA<  ILIIIFS 

16  Base  facilities  (including  she'teis,  power  generation,  water  SuppUes’ 
1  ^  Expedient  i oadsrair f leids^br idges 

18  Amphib'Ous  operations  (including  breakwaters,  wave  fo'ces 

19  Over  the  Beach  operations  (including  containerisation 

materiel  transfer,  lighterage  arid  cran.-s' 

20  POL  storage  transfer  and  distribution 


1  VPFS  OK  DO(  I  MFM  S 
m  TechiUu  Sheets 


8f>  Techfiuai  Reports  ajtd  Icihuua)  SiUi  > 


FNI  K(.\  POWI  K  (.F  NF  R  ATION 

Thermal  CL-nse'vat-on  (thermal  engineering  of  buiidmgs  HVAC 
sv-'ems  ene-q/  (oss  rtieasurement,  power  generation) 
U.-.nrrois  md  eieci'icai  cor-sp' vation  (electrical  systerTis, 
ep<’'uv  r'^ijo  ?o'  riq  and  cont'Ci  Systems) 

T  .  t  ;,»y  I..!,,  d  'ue'i  coal  u’'lisai'0n  pne'gy 

*•  trr-.  S!;  d  was'ri 

'  A-  >:•»  pne  qv  Sf'u  re  geothe-ma'  powe' .  pho’ovo'taic 

;>.  w'.E-'  sv‘‘'pms.  s'va'  syster-ns.  wind  sys’ems.  enprqy  stor.igf^ 
sv 

S  r»-  :}<i'd  and  syS’prriy  ntegration  energy  resou'ce  i-np-qy 

.r^D'io''  <)a*j  integ'^at'Hg  energy  systems' 

I  S  \  IR(»S  ^US  I  At  PRO  IF*  I  ION 

I  S'J  d  j^.igerr.pn* 

I  Hd/d-:!'  -  '  •  •  <  ry-i^.y-ij  smdrdgpment 

'  ’.Vd'.rf'vv-iri'-  i  j-emie'ii  arid  sjn.-a'y  engineer  ng 

:  (y>'  '.r--::'-  -er^j.-i  and  >»cove'y 


()<  }  \S  F\<,INFFR1N(, 

Sp-j'-  h  S  an.1  ’oundar'On, 

S*'  /•  /'•'•f 'U'.  t  •O'''  systems  and  rjpe'd*  'Ons  nnc  '  ud'  I 

],ve-  it  d  m.ir-.p,j.diO'  too's) 

Ur'dP'SPd  s'rucfu'E's  and  materials 
A«’.  hf'S  •tri'-j  monrir^gs 

U''rtv‘S»‘.*  p-  .‘.p-  sys’erris  pi  pc  t  '  om  echan  icai  vab'es. 


i/oment  ’in;:.uC)'ng  S'tC  Su'vpymg' 


'  C'e'p  s'r.jcfu'es 


*  .  harr^t'p'S 

Uride'fea  cable  dynamics 
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COMNAVSURFPAC 


SHORE  INTERMEDIATE  MAINTENANCE  ACTIVITY  (SIMA) 


CORROSION  CONTROL  (CC)  SHOPS 


ROBERT  A.  SULIT  AND  A.  MARIE  ROBINSON 


INTEGRATED  SYSTEMS  ANALYSTS,  INC. 
740  BAY  BOULEVARD 
CHULA  VISTA,  CA  92010 
(619)  422-7100 


1987  TRI-SERVICE  CONFERENCE  ON  CORROSION 
USAF  ACADEMY,  COLORADO  SPRINGS,  CO 
5- 7  MAY  1987 


Abstract;  The  Commander  Naval  Surface  Force,  U.S.  Pacific  Fleet 

(COMN AVSURFP AC)  Shore  Intermediate  Maintenance  Activities  (SIM  A)  arc  now  being 
outfitted  to  provide  corrosion-control  (CC)  services  to  tended  ships.  Services  include 
wire-sprayed-alurninum  (WSA)  and  electrostatic-sprayed-powder  (ESP)  coating  and 
installation  kits  (i.e.,  316-SS  and  ceramic-coatcd  fasteners,  gaskets/insulators,  anti¬ 
seize  and  sealing  compounds)  for  all  ship-to-shop  and  shipboard  preserved 
components/areas.  This  paper  discusses  the  need,  planning/scrcening  policy,  CC-Shop 
capabilities  and  capacity  (equipment  and  layout,  process  instructions,  quality  control, 
standard  production  times  for  120  sliipboard  items,  crew  training/certification),  modus 
operandi  for  planning,  screening  and  production  management,  records  and  follow-up 
customer-ship  inspections  for  CC  program  effectiveness  feedback. 

References; 

1.  Sulit,  Robert  A.  and  Owen  G.  O'Brien,  AStV  and  Support-Ship  Corrosion-Control 
(CC)  Program;  Pilot  SIMA  CC  Shop.  1SA(WC)-I0l,  14  Septeinber  1984,  Contract 
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BACKGROUND  &  REQUIREMENT 


1977  •  COMNAVSURFPAC  INITIATES  SERVICE  TEST  OF  WSA 


1979  •  NAVSEA  AUTHORIZES  USE  OF  WSA 

•  CNO  DIRECTS  ACCELERATED  IMPLEMENTATION  OF  WSA  IN  FLEET 
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WSA  CTGSCAN  PROVIDE  UP  TO  1 0-20  YEARS  SERVICE  LIFE 
AND  ON  A  LIFE-CYCLE  BASIS  ARE  MORE  ECONOMICAL  THAN 
PAINT 


1984  •  COMNAVSURFPAC  INITIATES  PILOT  SIMA  CC  SHOP  FOR  NAVY 


1985  •  PILOT  CC  SHOP  1-YEAR  SERVICE  TEST  COMPLETE  AND  REC5 

ADOPTED  AS  MODEL  FOR  SIMA  UPGRADE  PROGRAM 


1986  •  CC  SHOP  DESIGNED  INSTALLED  SIMA  vPH):  IOC-JUL87 

•  CC  SHOP  MILCON  UPGRADE:  SIMA  (LB);  IOC  -  FY88 

SIMA(SD);  IOC-FY88 
SIMA(SF):  IOC-FY89 


'  ■  -  .  . -  -  - 


EXCESSIVE  S/F  LABOR  SPENT  ON  RECURRING  CORROSION 
PREVENTION  AND  CONTROL  REDUCING  READINESS 
TRAINING  AND  MAINTENANCE  ACTION 


SHORTENED  COMPONENT/STRUCTURE  SERVICE  LIFE  AND 
ATTENDANT  MATERIAL,  LABOR  AND  SCHEDULE  COST  TO 
REPAIR/REPLACE 


MISSION/FUNCTION 

OF 


rs-V 

V  A 


SIMA  CC- SHOP 


v*'/V 

r>>>^ 


’ll) 


MISSION  OF 

SIMA  CORROSION  CONTROL  SHOP 


/■  V. 

•&? 


PLANNING 

and 

PRODUCTION 

CAPABILITY 


DELIVER 

and 

SUPPORT 


NAVSEA 
CC  SYSTEMS 
Ships-in-  Service 
New  Construction 


W'  .V,'* 

'.v' 


»  i  •  •  •  r 

V.V.v', 


SIMA  CC- SHOP 
FUNCTIONS 


NOTIONAL  CC  -  SHOP  MANNING 


FUNCTION 

RATING/RATE 

NUMBERS 

SHOP  MASTER 

BMC  or  HTC 

1 

ASSISTANT  SHOP  MASTER 

HT  1  orBM  1 

1 

QUALITY  CONTROL 

BM-2orHr  2 

2 

SUPPLY 

SK  1  2 

1 

WSA  PRODUCTION 

BM-1  2  ) 

HT-1  I  3 

BM  SN  3 

HTFN,3 

2 

2 

2 

2 

ESP  PRODUCTION 

BM-1 

BM  2  3 

BM  SN  3 

1 

2 

1 

INSTALLATION  KIT  MAKEUP 

SK  2  3 

1 

TOTAL 

20 

SIMA  (PEARL  HARBOR) 
CC-SHOP  PLOT  PLAN 
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STATION 

STATION 

STATION 

DEGREASING 

TRICHLORETHANE 

75  GAL 

MASKING 

DUCT  TAPE  2-INCH 

ALUMINUM  TAPE  1-INCH 

15  ROLLS 

9  ROLLS 

STRIP  BLASTING 

GARNET  SAND  «.T6 

5000  LBS 

ANCHOR  TOOTH  BLASTING 

aluminum  OXIDE  «16(forWSA) 
aluminum  OXIDE  *36  (for  PC) 
PRESS  0  FILM  TAPE  (X  coarse) 

4000  LBS 

1000  LBS 

10  ROLLS 

FLAME  SPRAYING 

aluminum  wire.  1  R-IN 
OXYGEN 

ACETYLENE 

4  ROLLS 

16  BTLS 

BBTLS 

CCSHOP  CONSUMABLES 
OF  REPRESENTATIVE  ITEMS 


STATION 


POWOfH  COATING 


PAINTING 


POWDER  HA/E  GREY 

RED 
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BLACK 

WHITE 

TT  E  TE)1  EGM  thinner 
Nf  ISO  GREEN  PRIMER 
NE  1S1  HA/E  GREY 
NE  /O  EXTERiON  DK  grey 
r7  E  490  HA/E  GREY 
OoD  P /4SS (SH) heat 
RESISTANT  ALUM  PAINT 


MONTHLY  USE 


175  LBS 
SC  LBS 
/SLBS 
SO  LBS 
70  LBS 

20  GAL 
60  GAL 
SO  GAL 
10  GAL 
70  GAL 
20  GAL 


STANDARD  (SHOULD  COST) 
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SHIP'S  CC  WORK  PACKAGE  GUIDE 


OBJECTIVE/SCOPE 


•  PROCEDURES  FOR  IDENTIFICATION  AND  SCREEENING 
ITEMS  FOR  CC  AVAILABILITIES 


MAINTENANCE  AND  REPAIR  OF  THE  1 5  NAVSEA  CC  COATING  SYSTEMS 
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—  THREE  MAINTENANCE  REQUIREMENT  CARDS 

—  INSTALLATION  KIT  TECH  DATA  SHEETS 

—  CORROSION  DISCUSSION 

—  THE  15  NAVSEA  CODIFIED  CC  SYSTEMS 


•  CONFIGURATION  CONTROL  AND  CORPORATE  HISTORY 
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SHIP'S  WORK  PACKAGE  GUIDE 
CANDIDATE  ITEMS 


MAINTENANCE  REQUIREMENT  CARDS 
(MRC) 


NAVY  JOB  PERFORMANCE  AID  FOR  SHIP'S  FORCE 
•  WHAT  •  WHEN  •  HOW  •  WHO 


THREE  DRAFT  CC  MRC  DEVELOPED 

1  -  CC  INSPECTION  FOR  AN  AVAILABILITY 

2  •  CC  INSPECTION  MAINTENANCE  AND  REPAIR 

3-  FASTENERS  CC  INSPECTION, 

MAINTENANCE  AND  REPLACEMENT 
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•  DEMONSTRATED  FEASIBILITY  OF  SIMA  CC  SHOP 

•  $1.5  M/YR  FOR  CC  SHOPS  IN  SIMA  UPGRADE  PROGRAM  FY-86 
THROUGH  FY-91 

•  IPE,  INDUSTRIAL  PROCESSES  AND  QC  ESTABLISHED 

BUT 

REFINEMENT  REQUIRED  FOR  WSA  TOP  COATING  AND  POWDER 
COATING  MATERIAL  SPECIFICATION 

•  FLEET-WIDE.  POLICY  PROCEDURES  AND  TRAINING  REQUIRED 


•  PLANNING  AND  CONFIGURATION  CONTROL 

•  PRODUCTION 

•  QUALITY  CONTROL 
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STRESS  CORROSION  EVALUATION  OF  POWDER  METALLURGY  ALUMINUM 
ALLOY  70^1  WITH  THE  BREAKING  LOAD  TEST  METHOD 


Marc  id  S.  Domack 
AHS TRACT 


The  stress  corrosion  l^ehavior  of  powOer  .netalluryy  (hm)  aloninun  alloy  7091 
has  been  evaluated  usinj  a  new  technicpie  called  the  breaking  load  test  method, 
which  was  developed  by  Alcoa  Laboratories  under  NASA  contract  NASl-16424. 
Direct  tension  specimens  machined  ''rom  extruded  material  in  the  T7Eb9  and 
T7E70  conditions  were  tested  in  both  the  longitudinal  and  transverse  orienta¬ 
tions.  Specimens  were  exposed  to  a  l.b  percent  NaCl  solution  in  alternate 
immersion  for  up  to  9  days  at  stress  levels  as  high  as  90  percent  of  the 
material  yield  strength.  Optical  and  scanning  electron  microscopy  were  used 
to  evaluate  specimen  fracture  surfaces  to  determine  the  extent  of  stress 
corrosion  and  to  identify  attack  by  other  mechanisms.  Breaking  stress  data 
were  analyzed  with  extreme  value  statistics  to  determine  threshold  stress 
levels  for  stress  corrosion  cracking,  probability  of  survival  at  specific 
stress  levels,  and  99  percent  survival  stresses.  The  results  of  this  study 
are  in  agreement  with  data  reported  in  the  literature,  and  indicate  that  PM 
7091  aluminum  is  highly  resistant  to  stress  corrosion  cracking  for  the  orien¬ 
tations  tested.  Preliminary  data  analysis  indicates  that  the  effects  of  test 
variables  such  as  heat  treatment,  specinK'n  orientation,  and  exposure  condi¬ 
tions  can  be  better  discriminated  by  the  breaking  load  test  method  than  by 
conventional  pass-fail  data  analysis. 


INTRODUCTION 

The  use  of  powder  metallurgy  (PM)  processing  technolo;gy  for  the  production  of 
advanced  aluminum  alloys  has  resulted  in  Materials  which  have  combinations  of 
properties  which  are  siijierior  to  those  similar  mate''ials  produced  by  ingot 

metallurgy  (IM)  techniques.  The  improved  properties  can  he  attributed  to 
mi crostructural  refinements  achieved  through  rapid  solidification  during 
powder  production  and  also  to  the  developriv-nt  of  a'loy  chemistries  which 
cannot  be  attained  through  conventional  IM  processing,  dne  i)f  the  goals  of 
aluminum  PM  technology  has  been  the  develpoment  of  a'loys  having  improved 
combinations  of  strength  and  stress  corrosion  cr acting  (SCO  resistance. 

A  powder  metallurgy  alloy  develo|)ed  by  Alcoa  which  shows  promise  in  meeting 
this  goal  is  7091.  This  material  is  one  of  the  first  powder  metallurgy  alloys 
to  become  commerci  al  ly  available,  ani1  is  characf  er  j /^>d  by  a  combination  of 
high  strength  and  toughness  as  well  as  good  corrosion  resistance.  The  7091 
powder  is  produced  by  air  .itomizUion  of  the  mel*',,  and  is  subsequently  conso¬ 
lidated  and  then  wrought  iiy  extr.;sion  or  forging. 

7U91  is  a  7XXX-type  chemistry,  with  7n  rne  'Majv)r  alloying  ele'i(?nr,  but  is  more 
heavily  alloyed  than  conventional  ingot  "iPta 1 1 urgy  7XXX-type  chemistries,  and 
also  contains  cohalt  for  grain  refinement.  Cobalt  is  generally  associated 
with  slightly  higher  strength  and  I'orfer  SCC  r:’sis*ance,  but  cannot  be  added 
by  conventional  process i nij  due  to  its  low  soluoility  m  solid  aluminum  at 
ambient  temjieraturos  .  Ra[md  so  1  i  di  f  i  c  a-.  i  on  terhnol  igy  tins  enahlpd  incor()ora- 
tion  of  up  to  l.b  wt  percent  i;oni  .>nt  ra  t  i  on-,  of  Co  without  ‘^ne  formation  of 
coarse  segregates. 


Cobalt  provides  st,  renytheni  ng  and  enhanced  resistance  to  SCC  by  the  formation 
of  C07AI  ^  dispersoids.  Several  explanations  for  the  enhanced  stress  corrosion 
resistance  associated  with  Co  additions  have  been  proposed  (ref.  1)  and 
include:  grain  boundary  pinning  by  the  Co-Al  particles,  which  makes  the  grain 
boundaries  less  favorable  for  SCC;  blunting  iif  stress  corrosion  cracks  by 
CotAI^  particles;  and  enhanced  desorption  of  atomic  hydrogen  from  the  crack 
surfaces,  which  rodui'es  the  amount  if  damaging  hydrogen  ent.  ■"'ing  the 
material.  Chr  i  s  t  odou  1  nu  ,  et .  al.,  Irt-f.  ?)  ,  have  obs'^cved  'Matrix  dissolution 
around  CooAlg  particles,  indicating  the  particles  rare  cathmlic  with  respect  to 
the  matrix,  and  suggesti-Kj  they  serve  as  sites  for  hydrogen  recombination. 

The  present  study  evaluates  the  SCC  resistance  o'"  7'.W1  in  two  overaged  heat 
treatments  and  compares  the  results  with  conventional  ingot  metallurgy  alloy 
7l)/b  at  comparable  strength  levels.  Stress  corrision  testing  is  conducted 
according  to  the  breaking  load  test  method  (ret.  Tl ,  an  improved,  accelerated 
technique  ^or  assessing  the  stress  corrosion  cranking  behavior  of  aluminum 
alloys  which  was  developed  by  Alcoa  Laboratories  under  NASA  Langley  Research 
Center  contract  NAS!-lh42».  When  compared  with  other  currently  used  test 
methods,  the  breaf,in;;  load  method  is  capable  of  providing  more  information 
witn  fewer  Siier  irens  a-vj  shorter  I'xposure  times,  and  is  a  better  discriminator 
of  SCC  perf ormani'.e  amo'ig  relatively  resistant  mate''ials.  The  breaking  load 
method  also  imovi  d-*s  a  quantitative  estimate  of  SCC  resistance,  rather  than 
general  mate^'ial  rankings,  which  is  amenable  to  statistical  analysis  and  frac¬ 
ture  mechanics  evaluations. 

The  breaking  loan  method  involves  determination  of  breaking  strengths  of 
replicate  groigis  smooth  tensile  stiecimens  after  exposure  to  static  stresses 
and  corrosi  v"  on ,  ■  ^luniont  for  various  lengths  of  time.  The  degree  of  degrada¬ 
tion  due  to  SC;;  is  ned  oy  comparison  of  the  various  breaking  strengths 

with  the  ina’',nriai  ultinatf'  tensile  strength.  In  general,  the  larger  the 
strength  decriMse,  yreater  the  degree  of  SCC  attack.  Comparing  the  break¬ 
ing  strengrp  of  s;jec  i mens  exposed  with  and  without  stress  jirovides  a  means  of 
separating  SCC  rps;ionse  from  that  due  to  general  corrosion. 

The  breaking  stress  values  determined  from  the  breaking  load  technique  are 
analyzed  wi  <■  h  extreme  value  statistics  principles  to  determine  several  quanti¬ 
tative  parameters  muiuilino  threshold  stress  levels  for  stress  corrosion 
i;racking,  probdm’Mty  of  survival  at  specific  stress  levels,  and  99  percent 
Survi  val  st  ress‘'s  . 

Extreme  V(alue  ita^’SMcs  principles  have  been  used  in  previous  work 
frefs.  te  evaluate  fraci-ure  data,  anil  the  analysis  methods  are  well 

developed.  I'i'o  ra-ii'nale  for  application  of  extreme  value  statistics  to  the 
analysis  of  fra  ' lOe  oata  is  that  materials  contain  flaws  which  have  a  wide 
range  of  sizes,  bit  frac.ture  will  occur  at  the  largest  of  those  flaws  (the 
weakest  link,',  tor  st.at  i  st  ical  purposes,  the  distribution  of  all  flaw  sizes 
in  a  group  o*"  sfi-’cimens  is  not  as  iinportanf;  as  tlie  distribution  of  largest 
flaw  siz“s  (the  ottreme  valoel.  The  fraci-ire  stress  of  a  Sjiecimen  is 
inversely  relafi’'^  to  the  size  of  the  largest  flaw;  therefore,  the  breaking 
strengths  of  replicate  S[;e(imens  would  .ne  expected  to  follow  an  extreme  value 
distribution  >1^  the  sr’allesz  values.  Pri-ir  analysis  of  corrosion  pifing  data 
(refs.  9-in  indi'atert  that  pit  depth  followed  an  exponential  distribution, 
hut  that  maxinuri  pi'-,  depth  followed  the  related  extreme  value  distribution. 

Pit  depth  and  or.currr'nce  are  related  to  mi crost ructura  1  features,  as  is  stress 


corrosion  cra.'kini],  '^he  assumption  is  made  that  tlaw  sizes  ir  SCC  specimens 
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would  also  follow  the  exponential  distribution,  with  the  maxinum  flaw  sizes 
(or  the  related  minimun  breaking  strengths)  then  following  the  related  extreme 
value  distribution  (ref.  31. 

A  conventional  pass-fail  test  is  conducted  with  similar  specimens  and  test 
parameters  as  the  breaking  load  metiiod  to  define  a  threshold  stress.  Specimen 
exposure  continues  until  failure,  however,  which  can  be  defined  as  either 
complete  specimen  fracture  or  the  first  appearance  of  corrosion  cracking,  and 
resulting  exposure  times  can  be  as  long  as  30  days.  The  breaking  load  test 
method  can  be  considered  an  accelerated  test  technique  for  two  reasons.  As  in 
the  conventional  technique  the  stress  corrosion  damage  is  accelerated  through 
the  application  of  alternate  immersion  exposure.  However,  more  significantly, 
the  exposure  times  required  to  define  a  threshold  stress  are  reduced  by  about 
a  factor  of  three  frr)m  tiiat  associated  with  pass-fail  testing. 

This  report  contains  data  collected  with  the  breaking  load  test  method  for  PM 
71131  in  both  and  T/ETO  conditions  in  both  the  longitiidinal  and  trans¬ 

verse  orientations.  The  results  are  compared  with  data  for  ingot  metallurgy 
J()7b  and  are  disussed  in  terms  of  fest  variables  and  mi crostructural 
features . 


MATERIAL  AND  PROCEDURES 
Material  and  Mechanical  Properties 

The  PM  alloy  7031  evaluated  in  this  study  was  supplied  as  extrusions  with 
cross  section  A.E  by  l.E  inches.  Nominal  composition  for  7091  is  given  in 
table  1  and  compared  with  that  of  ingot  metallurgy  alloy  7075.  Alloy  7091 
contains  more  Zn  tnan  7U/‘j,  and  contains  Co  as  a  grain  refiner  and  strengthen¬ 
ing  addition  rather  than  Cr.  Tne  7091  extrusions  were  supplied  in  both  the 
T7E69  and  T'E7;)  conditions.  Both  heat  treatments  consist  of  solution  treat¬ 
ment  followed  by  stress  relief  by  Stretching  and  then  artificial  aging. 
Material  in  the  r7t'ho  condition  has  been  overaged  for  4  hours,  and  the  T7E70 
condition  has  been  overaged  fon  14  hours  (ref.  1?).  Polished  meta 11 ographi c 
sections,  shown  in  figure  1,  indicate  elongated  grain  structures  with  grain 
size  varying  from  ?  by  3  by  ?  microns  up  to  ?.  by  ’  by  15  microns  with  an 
average  value  of  about  ?  by  3  by  6  microns.  Tensile  mechanical  properties 
were  determined  using  a  closed  Mop  electrohydraul ic  mechanical  test  machine, 
according  to  ASTm  Standard  E.R  (ref.  13).  Tensile  specimens  were  D.PS-inch 
diameter  by  P.D-inch  long,  and  wer*>  machined  in  both  the  longitudinal  (L)  and 
long  transverse  (T)  ori entat i ons .  Properties  measured  included  0.?  percent 
offset  yield  strength,  ultimate  strength.  Young's  modulus,  and  percent  elonga¬ 
tion.  Results  were  found  to  agree  with  manufacturer' s  data  and  are  presented 
in  table  11.  The  yield  and  ultimate  strengths  for  7n91  are  presented  in 
figure  7  with  data  fnr  IM  7U7S  in  both  the  peak  aged  (Tb51)  and  overaged  (T73) 
conditions  (ref.  14i.  Tne  longitudinal  yield  strength  of  7r)91-T7E69  is  about 
10  percent  greater  than  that  for  T7E70  and  about  b  percent  greater  tiian  the 
peak  aged  70/5.  The  longitudinal  yield  strengtn  of  7031-1/570  is  about 
10  percent  greater  tnan  tim  overayed  7U75-T73. 

Stress  r.orrosmin  Testing 

Stress  corrosion  specimens  were  tested  in  groups  of  five  replicates  according 
to  the  test  nat''ix  simwn  in  fable  III.  Groups  of  five  re|)li  cafes  were 
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selected  for  statistical  considerations.  The  exposure  stress  levels 
correspond  to  0,  50,  and  90  percent  of  the  material  yield  strength  measured 
for  each  heat  treatment  and  orientation.  Test  specimens  were  0.125  inch 
diameter  by  2,0-inch  long  direct  tension  S()ecimens,  which  are  described  in 
ASTM  standard  G49  (ref.  15),  and  shown  in  figure  3.  Test  specimens  were 
machined  in  both  the  longitudinal  and  transverse  orientations,  but  due  to  size 
constraints  of  the  supplied  extrusions,  it  was  not  possible  to  evaluate  the 
short  transverse  orientation.  The  specimens  were  loaded  in  tension  by  means 
of  constant  deflection  stressing  frames  made  of  6061  aluminum.  Specimens  are 
assembled  in  the  frames  as  shown  in  figure  3  and  the  end  bolts  are  hand 
tightened.  The  loading  device  shown  in  figure  4  is  then  used  to  push  the 
sides  of  the  frame  inward  along  the  tapered  end  members,  extending  the 
specimen  in  tension.  Roth  the  specimen  frame  and  a  similar  loading  device  are 
described  in  reference  15.  Specimen  extension  was  monitored  with  an 
extensometer  during  the  loading  process,  and  the  output  used  to  calculate  the 
exposure  stress.  Specimens  were  exposed  to  a  3.5  percent  NaCl  solution  under 
alternate  immersion  test  conditions  according  to  ASTM  standard  G44  (ref.  16). 
The  1-hour  cycle  consists  of  ten  minutes  immersion  followed  by  a  50  minute 
drying  period.  Specimens  were  observed  daily  for  stress  comosion  cracks  or 
other  indications  of  corrosive  attack.  Specimen  frames  were  coated  with 
paraffin  after  specimen  loading  to  prevent  degradation  of  the  frames  during 
environmental  exposure,  as  well  as  any  galvanic  interaction  between  the  frame 
and  the  specimen. 

According  to  the  breaking  load  test  method,  specimens  are  removed  from 
solution  after  the  discrete  exposure  time  intervals  and  failed  in  tension  to 
determine  the  breaking  strength.  The  test  method  requires  that  the  specimens 
he  failed  in  tension  on  the  same  day  as  their  removal  from  solution.  The 
breaking  load  tests  were  conducted  with  a  screw-driven  mechanical  test 
machine,  at  a  load  rate  of  0.02  inch/minute  and  the  failure  load  was  recorded. 

Data  Analysis 
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The  measiired  specimen  failure  loads  were  converted  to  breaking  stress  values 
bj^  division  by  the  original  specimen  cross  sectional  area.  The  sample  mean 
(x)  and  standard  deviation  (6)  were  determined  for  each  group  of  five 
repl i cates . 

The  probability  of  survival  (Ps)  is  calculafed  based  on  the  mean  and  standard 
deviation  of  breaking  stress  values  for  a  group  of  replicate  specimens,  and 
reflects  the  probability  of  specimens  surviving  for  a  given  envi ronmental 
exposure  period  at  a  specific  stress  level.  The  probability  of  survival  is 
calculated  with  the  Gompertz  survival  equation  (ref.  8),  given  as  follows: 


Ps  =  exp  r-pxp(  A-- JJ_)1 
n 

where  s  is  the  exposur-j  stress,  and  a  and  u  are  the  extreme  value  distri¬ 
bution  scale  and  location  parameters,  respectively,  calculated  as  follows: 


=  X  +  Y 
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The  values  Yf^  and  on  the  calculated  estimates  of  the  mean  and  standard 

deviation,  respectively,  of  the  reduced  extremes  as  functions  of  sample  size, 
N.  For  a  sample  size  of  five,  Yfyj=0.4565  and  0^=0.7932.  Values  for  other 
sample  sizes  can  be  found  in  reference  ft. 

The  99  percent  survival  stress,  Sqg,  is  the  tensile  stress  99  percent  of  a 
group  of  replicates  would  be  expected  to  survive  after  environmental  exposure 
for  a  specified  time  and  stress  level  combination.  Calculation  of  the 
99  percent  survival  stress  is  achieved  by  rearranging  the  Compertz  survival 
equation  and  setting  the  probability  of  survival  at  99  percent. 


S=u+aln[-lnPsl 


Sqq  =  M  -  O 


(Ps  =  0.99) 


The  99  percent  survival  stress  is  a  parameti’r  which  provides  for  a  direct 
comparison  of  stressed  and  unstressed  specimens  exposed  to  identical  condi¬ 
tions,  as  well  as  comparison  of  material  performance  for  identical  test  condi¬ 
tions. 

The  99  percent  survival  stress  is  unique  for  a  given  material  exposed  under 
specific  test  conditions  but  does  not  reflect  a  threshold  below  which  no  SCC 
occurs.  A  series  of  99  percent  survival  stresses,  however,  can  be  used  to 
determine  a  satistically  defined  threshold  stress,  ojh*  which  is  the 
exposure  stress  for  which  there  is  a  95  percent  confidence  that  the 
probability  of  specimen  failure  under  specified  test  conditions  is  less  than 
one  percent. 

The  threshold  stress  is  determined  by  applying  a  confidence  interval  to  the 
mean  of  point  estimates  of  the  threshold  determined  from  the  99  percent 
survival  stress  data.  The  point  estimates  can  be  obtained  from  the  99  percent 
survival  stress  data  as  a  function  of  the  exposure  stress  by  determining, 
either  graphically  or  by  linear  regression,  the  point  at  which  these  stresses 
are  equal.  Figure  5  illustrates  the  estimation  procedure  for  0.125  inch- 
diameter  specimens  of  ingot  metallurgy  alloy  7075-Tfi51  (ref.  3).  The  esti¬ 
mates  of  the  threshold  stress  correspond  to  the  point  where  the  data  trend 
intersects  the  dotted  1:1  line  indicating  equal  exposure  stresses  and  survival 
stresses.  Ry  using  various  combinations  of  the  data,  several  estimates  can  be 
made  for  each  exposure  time.  The  threshold  stress  can  then  be  calculated  from 
this  series  ^f  point  estimates. 

The  threshold  stress  is  given  by  the  lower  limit  of  the  90  percent  confidence 
band  for  the  point  estimates,  and  can  he  calculated  from  the  student's  t 
distribution  by  the  equation; 


ojh  =  X  >  Z  5 


where  X  and  <s  are  the  mean  and  standard  deviation,  respectively,  of  the  point 
estimates  and  z  is  the  variate  for  the  appropriate  degrees  of  freedom. 


RESULTS  AND  DISCUSSION 

Breaking  stress  oata  for  both  the  r7E69  and  f7E70  conditions  in  both  longitu¬ 
dinal  and  transverse  orientations  are  summarized  in  table  IV  as  iK^an  and 
standard  deviations  fQf-  each  set  of  replicate  specimens.  As  a  percentage  of 
the  mean,  the  standard  deviations  of  each  test  set  are  typical  of  corrosion 
test  data.  The  Alcoa  developmental  study  (ref.  3)  revealed  that  greater 
standard  deviations  were  associated  with  greater  SCC  susceptibility.  This  is 
in  contrast  to  trends  observed  in  data  collected  by  conventional  pass-fail 
testing,  and  occurs  because  the  data  in  the  breaking  load  test  is  dependent  on 
a  reduction  in  load  carrying  ability  of  each  specimen  and  not  upon  specimen 
failure  during  eKposure.  The  mean  breaking  stresses  are  also  presented 
graphically  in  figures  A  and  7  for  the  T7Eb9  and  T7E7n  conditions,  respec¬ 
tively.  The  data  for  each  test  case  displays  trends  typical  of  materials 
which  are  very  resistant  to  stress  corrosion  cracking;  i.e.,  increasing  expo¬ 
sure  time  nr  exposure  stress  level  has  only  a  small  effect  on  breaking 
stress.  The  reduction  in  breaking  stress  with  tine  observed  for  specimens 
exposed  at  zero  stress  level  for  both  material  conditions  can  be  attributed  to 
the  effects  of  pitting  or  general  corrosion.  The  data  for  the  T7Eb9  longitu¬ 
dinal  orientation  specimens  displays  no  significant  reduction  in  mean  breaking 
stress  with  increased  exposure  stress  and  time.  All  of  these  data  curves 
display  a  similar  reduction  in  mean  breaking  stress  as  is  observed  for  the 
zero  exposure  stress  specimens.  For  the  T7Eb9  transverse  orientation  speci¬ 
mens,  however,  there  is  a  greater  reduction  in  "lean  breaking  stress  for  speci¬ 
mens  exposed  at  a  stress  of  90  percent  of  the  material  yield  strength  than  for 
the  specimens  exposed  at  lower  stresses.  Results  for  the  T7E70  specimens 
display  little  effect  of  increased  exposure  stress  on  the  mean  breaking  stress 
for  either  lonyi tudi na  I  or  transverse  orientation.  Rather,  for  each  orienta¬ 
tion,  the  data  curves  exhibit  similar  reductions  in  mean  breaking  stress  with 
time  regardless  of  exposure  stress.  The  data  indicate  that  transverse  orien¬ 
tation  specimens  exhibit  a  somewhat  greater  reduction  in  mean  breaking 
strength  than  longitudinal  specimens.  Under  the  .nost  severe  exposure  condi¬ 
tions  used,  9  days  at  90  percent  of  the  yield  strength,  rediictions  on  the 
order  of  6  percent  we-'e  observed  in  the  longitudinal  orientation  and  9  percent 
in  the  transverse  orientation. 

Breaking  stress  data  wp'-p  collected  for  7091-T/Eb9  in  the  short  transverse 
orientation  by  resoarchers  at  Alcoa  (ref.  3)  for  stress  levels  as  high  as 
75  percent  of  the  short  transverse  yield  strength.  They  reported  mean  break¬ 
ing  stress  values  for  short  rransverse  orientation  direct  tension  specimens 
exposed  to  alternate  immersion  in  ^.5  percent  NaCl  solution  at  30  ksi  exposure 
stress  {approximately  do  percent  of  the  short  transverse  material  yield 
strength).  The  redijc‘:ion  in  mean  breaking  stress  after  nine  days  exposure  was 
about  nine  (lercent,  which  is  very  similar  tn  that  defermined  in  the  current 
study  for  the  transv-rse  orientation,  T/LbO  specimens. 

Meta  1  1  og  raph  i  c  sec’',  i  ons  were  ,jre;),,red  from  selected  siiecimens  in  order  to 
evaluate  the  type  of  'orrnsive  attack  occurring  in  each  test  case.  Sections 
of  brith  longit  umnil  ,ui  ;  •;  ransverse  Sjiecir'ens  exposed  for  o  days  at  the  0  and 
di'l  percent  yiel(i  -.trength  exposor'*  stress  levels  are  shown  in  figures  8  and  9 
for  both  tne  T/f.bu  ami  f/F/fl  specimens,  resriert  i  vely .  "I'he  micrographs  support 
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the  trends  observed  in  the  breaking  stress  data.  The  depth  of  penetration  of 
corrosive  attack  is  greatest  in  the  transverse  orientation  T7Eh4  specimens 
exposed  at  90  percent  of  the  material  yield  strength  and  correlates  with  the 
greater  reduction  in  mean  breaking  stress  observed  for  these  specimens.  The 
corrosive  attack  in  this  case  is  in  the  form  of  intergranular  cracks  propaga¬ 
ting  perpendicular  to  the  applied  stress,  as  would  he  expected  in  stress 
corrosion  cracking.  In  the  1  ong i tuili nal  onientation  I/Ehd  spr'cimens  the  crack 
path  tends  to  curve  around  to  follow  grain  boundaries  along  the  specimen 
length,  creating  a  corrosion  morphology  which  resembles  the  onset  of  exfolia¬ 
tion  rather  than  stress  corrosion. 


The  morphology  of  the  corrosive  attack  observed  in  the  zero  exposure  stress 
level  specimens  for  both  orientations  is  similar  to  that  observed  in  the 
higher  stress  level  specimens.  The  short  intergranul ar  cracks  seen  in  the 
transverse  orientation  r7E69  specimens  exposed  at  zero  stress  level  are 
probably  due  to  residual  machining  stresses  in  the  specimens.  The  depth  of 
corrosive  attack  is  greater  in  the  transverse  orientation  r/E69  specimens 
exposed  at  high  stress  levels  than  in  the  lower  and  zero  stress  level  speci¬ 
mens,  again  correlating  with  the  observed  variation  in  mean  breaking  stress 
observed  for  these  conditions.  The  depth  of  attack  in  the  longitudinal  orien¬ 
tation  specimens  appears  similar  for  both  zero  and  high  exposure  stress,  which 
correlates  with  the  absence  of  any  exposure  strpss  level  effect 
on  mean  breaking  stress. 


There  is  a  significant  difference  in  the  morphology  of  the  corrosion  damage 
observed  in  the  T7E7n  specimens  (fig.  9)  than  was  observed  in  the  T7E6d  speci¬ 
mens  (fig.  8).  In  the  T/E7n  specimens  the  damage  appears  to  be  severe  surface 
pitting  attack  with  a  slight  directionality  due  to  grain  orientation.  The 
depth  of  attack  is  similar  when  comparing  specimens  exposed  at  zero  and  high 
exposure  stress  levels,  for  each  orientation.  This  correlates  with  the 
absence  of  any  exposure  stress  level  effect  observed  for  the  T7E70  specimens. 
The  depth  of  attack  is  greater  in  the  transverse  specimens  than  in  the  longi¬ 
tudinal  specimens  at  equal  exposure  stress  level,  which  explains  the  greater 
reduction  in  mean  breaking  stress  observed  for  the  transverse  0''i  entat  i  on . 


Scanning  electron  microscopy  was  used  to  further  characterize  the  regions  of 
corrosive  attack.  On  the  higher  stress  level  I/Ebd  specimens,  regions  of 
transgranul ar  cracking  were  observed  occasionally  about  the  circumference  of 
the  fracture  surface,  as  shown  in  figure  10a.  These  regions  always  occurred 
at  the  intersection  of  stress  corrosion  cracking  and  overload  fracture. 

Similar  regions  of  transgranular  cracking  have  been  observed  in  bolt-loaded 
precracked  stress  corrosion  specimens  of  7XXX  aluminum  alloys  in  T7  conditions 
exposed  to  marine  atmospheric  conditions  (ref.  171.  The  t ransgranu 1 ar  cracks 
were  observed  to  propagate  along  uncrackeo  ligaments  between  stress  corrosion 
cracks,  thereby  joining  these  regions,  with  only  slight  penetration  into 
uncracked  material.  At  the  magnification  shown  in  fig.  lOa  there  is  little 
difference  in  appearance  between  the  regions  of  stress  corrosion  cracking  and 
overload  fracture,  but  differences  become  apparent  at  higher  magnification. 

The  intersection  of  the  stress  corrosion  and  overload  regions  (fig.  lObl  and 
of  the  transgranul  ar  a.nd  overload  regions  (fig.  19c)  illustrate  the  expecfod 
ductile  dimple  morphology  associat<>d  with  the  tensile  overload  fracture. 

These  features  are  absent  from  the  regions  of  stress  corrosion  and  transgranu- 
lar  cracking.  At  very  nitjh  magni  f  icat  i  on  (fig.  11)  the  pr(^sencp  of  micrndimp- 
ling  is  evident  in  the  overload  fracture  region,  hut  is  still  absent  in  both 
the  stress  corrosion  and  t ransgranu 1 ar  regions.  Similar  analysis  of  the  I 'E70 
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specimen  fracture  surfaces  revealed  a  mix  of  mi crodi mp n ng  and  smooth  grain 
boundary  surfaces  in  the  regions  of  corrosive  attack,  suggesting  this  attack 
is  other  than  stress  corrosion  cracking.  Similar  fractographic  features  have 
been  observed  in  stress  corrosion  cracking  studies  of  7091  with  precracked 
specimens  frefs.  2,  18). 

The  cdlculate'i  probaojlity  of  survival  and  99  percent  survival  stress  for  each 
exposure  condition  are  presented  in  table  V  for  eacn  combination  of  heat 
treatment  and  orientation.  The  99  percent  survival  stress  data  is  also 
presented  graphically  in  figure  12  as  a  function  of  exposure  stress  for  each 
exposure  time.  The  probability  of  survival  is  very  high  in  all  cases,  reflec¬ 
ting  the  excellent  stress  corrosion  resistance  of  the  material.  The  data 
presented  in  fig'ire  12  indicate  that  for  the  time  intervals  tested  the  condi¬ 
tion  ot  equal  exposure  and  survival  stress  was  reached  with  the  T7Eb9  speci¬ 
mens  hut  not  with  tne  T7E7n  specimens. 

Point  estimates  of  the  thresnold  stress,  determined  by  the  linear  regressior 
method,  are  presented  in  table  VI  for  each  test  case.  The  calculated  values 
of  threshold  stress,  o ,  for  each  heat  treatment-orientation  combination 
are  presented  at  the  bottom  of  table  VI.  The  threshold  stress  levels  vary  as 
might  be  expected  for  the  material  condition-specimen  orientations  evaluated, 
but  the  differences  for  each  of  the  four  test  conditions  are  relatively 
small.  This  data  illustrates  one  of  the  strengths  of  the  breaking  load  test 
method,  the  anility  to  discriminate  differences  in  stress  corrosion  perfor¬ 
mance  of  relatively  resistant  materials.  While  both  heat  treatment  conditions 
evaluated  are  overaged,  T7E7U  has  been  aged  for  a  longer  time  and  would  be 
expected  to  be  more  resistant  to  stress  corrosion.  This  greater  resistance  is 
indicated  as  a  higher  threshold  than  is  seen  for  T7Eb9.  The  l(?ast  resistant 
of  the  test  conditions  evaluated,  i.e.,  that  exhibiting  the  lowest  threshold 
value,  was  the  transverse  orientation  of  the  less  overdyed  T7E69,  as  might  be 
expected . 

The  developmental  study  conducted  by  Alcoa  (ref.  3)  indicated  that  threshold 
values  determined  with  the  breaking  load  method  for  materials  with  high  stress 
corrosion  resistance  reflected  differences  in  material  performance  where  the 
same  materials  were  rated  equally  with  pass-fail  test  data.  It  is  nearly 
certain  that  pass-fai!  testing  would  have  equally  rated  the  T7Eb9  and  r7E7n 
conditions  of  P^l  /l)9i.  The  study  also  indicated  that  threshold  values  deter¬ 
mined  with  the  oreaking  load  test  method  far  well  characteri zed  materials 
agreed  extremely  well  with  threshold  values  determined  by  pass-fail  testing. 

A  useful  comparison  of  threshold  values  can  be  made  by  considering  the 
thresholds  as  a  percentage  of  the  material  yield  strength.  Figure  13  presents 
threshold  values  and  yield  strengths  for  PM  7091  in  the  T7Eb9  and  T7E70  condi¬ 
tions  in  I ongi ludi na 1  and  transverse  orientations.  Data  for  IM  70/5  in  botn 
the  peak  aged  Tnbl  and  overaged  T73  conditions  in  longitudinal,  transverse, 
and  short  transverse  orientations  are  also  presented  (ref.  14).  The  threshold 
values  given  for  IM  70/5  were  determined  liy  using  the  pass-fai 1  method,  and 
are  values  for  rolled  plate  0.25  to  4.5-inches  thick.  Threshold  values  are 
shown  for  short  transverse  IM  70/5  for  familiarity  and  illustrate  the  often 
documented  improved  stress  corrosion  resistance  of  overaged  material  when 
compared  to  peas  aged  material  in  this  orientation.  A  comparison  of  material 
performance  for  I'd  /gol  and  IM  /0/5  can  be  made  for  tne  1  ongi  todi  deal  and 
transverse  ori entat 1 ons .  The  threshold  stress  level  for  T/En9  is  about 
80  percent  of  the  yield  strenpith  for  both  the  longitudinal  and  transverse 


orientations.  These  percentages  are  comparable  to  threshold  percentages  for 
707b-T73,  and  are  5  and  10  percent  higher  than  for  peak  aged  70/5.  The 
threshold  valnes  for  7091-T7E70  are  90  and  95  percent  of  the  material  yield 
strength  for  the  transverse  and  longitudinal  specimens,  respectively.  The 
superiority  of  the  PM  material  is  evident  when  the  threshold  values  as  a 
percentage  of  yield  strength  are  considered  in  conjunction  with  the  improved 
tensile  properties  of  7091.  An  interesting  point  to  note  here  'S  that  while 
the  threshold  values  were  determined  by  the  biiMkiny  load  test  aiettiod  for  7091 
with  testing  of  several  hundred  specimens,  the  data  presented  for  7075 
required  testing  of  thousands  of  speciinens  using  the  pass-fail  method. 


CONCLUDING  RK-’ARKS 

The  stress  corrosion  hehavior  of  powder  metallurgy  alloy  709]  was  evaluated  in 
two  overaged  heat  treatment  conditions,  T/Efi9  and  T/'l/o.  str^-ss  rnrr.)si':)n 
testing  was  performed  with  the  breaking  load  test  method,  a  new  ar.celerat“u 
technique  developed  hy  Alcoa  Laboratories  under  NASA  contract  NASl-lhApo. 
Direct  tension  specimens  were  exposed  in  botn  longitudinal  and  tnansversc 
orientations  to  3.5  percent  NaCI  solution  at  stress  levels  corre^p^ndi ng  to  ). 
50  percent,  and  90  percent  of  the  material  yield  strength.  Specimen  exposure 
by  alternate  immersion  was  continued  for  as  long  as  9  days  with  residual  loan 
carrying  ability  of  the  specimens  determined  by  tensile  failure  after  periods 
of  2,  4,  6,  and  9  days.  Breaking  stress  values  were  evaluated  with  extreme 
value  statistics  principles  to  determine  the  probability  of  specimen  survival 
for  specific  exposure  conditions,  99  percent  survival  stresses,  and  threshold 
stresses  for  stress  corrosion  cracking.  The  results  were  compared  with 
literature  data  on  ingot  metallurgy  alloy  7075  determined  by  conventional 
pass-fail  testing. 

The  breaking  load  test  method  was  found  to  be  sensitive  to  small  differences 
in  material  stress  corrosion  performance.  This  allows  the  method  to  be  useful 
for  evaluating  more  resistant  materials,  including  advanced  aluminum  alloys. 
The  technique  provides  quantitative  estimates  of  stress  corrosion  behavior 
rather  than  general  material  rankings.  Test  results  determined  can  be  further 
evaluated  hy  statistical  methods  to  calculate  a  stai:  i  sti  cal  ly  defined 
threshold  stress  level  for  stress  corrosion  craci<ie.j. 

Threshold  stress  levels  can  he  determined  with  the  breaking  load  test  method 
with  testing  of  an  ortier  of  n'agnitide  fewer  specimens  and  with  exposure  times 
reduced  by  about  one  third  when  compared  with  conventional  pass-fail  testing. 
The  breaking  load  test  method  is  capable  of  discriminating  <1ifferences  in 
stress  corrosion  performance  between  mat^'-ials  which  would  be  equally  rated  by 
pass-fail  test  data. 

The  breaking  load  data  collected  in  this  study  indicate  P-'  7i)Ul  is  highly 
resistant  *‘o  stress  corrosion  cracking  in  noth  longitudinal  and  transverse 
orientations  at  stress  levels  up  to  90  percent  of  the  material  yield 
strength.  Reduction  in  mean  breaking  stress  as  a  result  of  corrosive  attack 
was  smallest  for  mat.erial  in  tlie  ncre  overaged  T/E7()  condition.  In  this  case 
the  corrosS'e  damage  ajjpeared  to  be  limited  to  gross  surface  pittinrj,  with  no 
evidence  of  stress  corrosion  cracking  observed.  Tnp  only  significant  reduc¬ 
tion  in  mean  breaking  , tress  ohsenved  in  this  investigation  occurred  for 
transverse  or i enta ^  i on  Sf)tn:iinens  in  t.hp  T7!;hu  condition  expost'd  at  the 
‘10  percent  yielq  striviipn  sfness  level.  The  corrosive  damage  m  these 
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rgranular  stress  corrosion  cracks.  Threshold  stress  levels 
St  data  ranged  from  8(1  to  ^5  percent  of  the  material  yield 
arisen,  threshold  stress  levels  are  typically  80  percent  of 
for  IM  70/‘j  in  the  overaged  T73  condition.  Mechanical 
ned  for  7001  indicated  tensile  yield  strengths  as  much  as 
than  IM  7075-T73.  The  very  high  stress  corrosion  threshold 
th  the  improved  tensile  properties  of  7001  reflect  the 
combinations  possible  with  powder  metallurgy  technology. 
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Element 


PM  7091 


IM  7075 


Zn 

fi.47 

5.80 

Mg 

?.58 

2.39 

Cu 

1.57 

1.57 

Cr 

0.03 

0.19 

Co 

0.40 

0.00 

Mn 

0.00 

0.05 

Fe 

0.12 

0.26 

Si 

0.02 

0.11 

Table  I.  Nomonal  compositions  for  powder  metallurgiy  alloy 

and  ingot  metallurgy  alloy 

7075. 

Material 

Condition 

Orientation 

UTS 

(ksi) 

YS 

(ksi) 

E 

(msi ) 

%el 

T7E69 

L 

85.1 

77.9 

9.8 

17.5 

T 

78. 9 

72.1 

in.o 

14.9 

T7E70 

L 

78.5 

70.0 

10.4 

19.9 

T 

75.3 

66.7 

9.9 

19.7 

Table  II.  Mechanical  properties  determined  for  PM  7091  extrusions 
in  both  longitudinal  (L)  and  transverse  (T)  orientations. 


Exposure 

Stress 

Exposure  Time 

(ksi) 

(%  YS) 

T7E69 

L  T 

('^ays) 

T7E70 

L  T 

0 

0 

0,2, 4, 6, 9  0,2  4  6  9 

0,2, 4, 6, 9  0,2, 4, 6, 9 

35 

50 

2, 4, 6, 9 

2, 4, 6, 9  2, 4, 6, 9 

40 

50 

2. 4, 6, 9 

60 

90 

2, 4, 6, 9 

65 

90 

2, 4, 6, 9 

2, 4, 6. 9 

70 

90 

2. 4, 6, 9 

Table  III.  Exposure  stresses  and  times  for  each  test  condition. 
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Exposure 
Time  Stress 
(days)  (%  YS) 


T7E69 


Breaking  Stress 
(ksi) 


T7E70 


L  T  L  T 


X 

I 

X 

6 

X 

6 

X 

5 

0 

0 

85.53 

0.48 

77.65 

1.06 

79.67 

0.38 

77.72 

0.91 

2 

0 

82.89 

1.87 

79.61 

2.44 

78.07 

1.95 

79.15 

4.08 

2 

50 

82.55 

1.79 

77.96 

1.23 

78.63 

2.15 

79.05 

2.69 

2 

90 

83.23 

0.53 

77.00 

2.16 

80.30 

0.92 

78.16 

1.73 

4 

0 

82.54 

1.22 

77.61 

1.74 

75.58 

1.73 

74.22 

1.52 

4 

50 

84.39 

2.49 

78.35 

2.13 

77.49 

1.83 

74.88 

1.04 

4 

90 

82.14 

0.85 

74.69 

3.79 

77.39 

1.38 

73.70 

2.45 

6 

0 

83.55 

1.79 

78.49 

3.08 

79.18 

0.69 

76.11 

1.40 

6 

50 

82.47 

2.08 

77.42 

2.95 

79.78 

1.92 

74.42 

3.98 

6 

90 

79.27 

3.38 

75.42 

1.93 

79.07 

1.80 

74.39 

1.53 

9 

0 

80.78 

0.86 

75.12 

2.52 

73.86 

0.75 

70.58 

1.85 

9 

50 

79.72 

1.09 

75.24 

1.52 

75.72 

0.72 

70.53 

1.54 

9 

90 

80.22 

1.31 

71.18 

1.29 

75.58 

0.58 

70.53 

1.54 

Tabl  e 

IV. 

Mean,  "X 

,  and 

standard 

deviation,  6, 

of  breaking 

stress 

data  for  each  set  of  replicate  specimens  of  PM  7091. 


Exposure 

T7E69 

T7E70 

Time 

Stress 

L 

T 

L 

T 

(days) 

(%  YS) 

Ps 

S99 

Ps 

S99 

Ps 

S99 

Ps 

S99 

0 

0 

1 

82.93 

1 

71.86 

1 

77.47 

1 

72.73 

2 

0 

1 

73.09 

1 

67.36 

1 

68.29 

1 

58.68 

2 

50 

1 

73.52 

1 

71.79 

1 

67.86 

1 

65.50 

2 

90 

1 

80.55 

0.99 

66 . 14 

1 

75.67 

0.99 

69.50 

4 

0 

1 

76.43 

1 

68.89 

1 

66.89 

1 

66.58 

4 

50 

1 

71.88 

1 

67.65 

1 

68.28 

1 

69.64 

4 

90 

1 

77.86 

n.Q3 

55.62 

0.Q9 

70,47 

0.99 

61.37 

6 

n 

1 

74.18 

1 

63.02 

1 

75.69 

1 

69.07 

6 

50 

1 

72.63 

1 

62.62 

1 

70.17 

0.99 

54,45 

6 

90 

0.94 

62.29 

0.99 

65.31 

0.99 

70.01 

0.99 

66. 6Q 

9 

0 

1 

76.45 

1 

62.49 

1 

70.11 

1 

61.30 

9 

50 

1 

74.20 

1 

67.61 

1 

72.12 

1 

62.26 

9 

90 

0.99 

73.62 

0.98 

64.72 

1 

72.68 

0.99 

62.79 

Table 

V.  Probability 

'  of  survival 

.  '’s.  ' 

and  99 

percent 

survi val 

stress,  So.:),  values  calculated  for  each  test  condition  for  PM 


Exposure 

Time 

(days) 


Exposure 
Stresses 
[%  YS) 

0-50 

0-90 

50-90 

0-50-90 

0-50 

0-90 

50-90 

0-50-90 

0-50 

0-90 

50-90 

0-50-90 

0-50 

0-90 

50-90 

0-50-90 


Calculated  ajh 

Table  VI.  Point  estimates  of  the  threshold  stress  for  each  test 
case  and  calculated  threshold  stresses,  ajh.  ^or 
each  condition  of  ?M  7091. 


r/Ef)9 

r7E/U 

L 

T 

L 

T 

73.90 

77.10 

6  7.50 

72.90 

81.80 

66.10 

11  .m 

'  1 . 6-'  > 

83.80 

66.00 

79.40 

71.30 

80.10 

67.90 

1^.9.^ 

7 1 . 80 

68.60 

66.50 

69.70 

73.00 

78,00 

57.20 

70.80 

61.30 

79.80 

58 . 30 

70.90 

61.00 

75,90 

58.90 

70.60 

63.50 

70.40 

62.30 

65.40 

48.70 

63.40 

65.30 

69.60 

66.40 

64.  ?0 

65.30 

70.00 

73.10 

64.40 

64.70 

68.80 

61.50 

72.40 

73.20 

74.40 

63.60 

73.50 

64.70 

73.00 

62.90 

73 .6iJ 

64.70 

72.80 

62.90 

73.20 

66 . 20 

73.20 

62.90 

61  .^h 

56.83 

67.09 
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Figure 


Grain  structures  at  mid-plane  nf  l.h-inch  thick  PM  /091  extruded  bar  in^^^.v./.^ 
both  (a)  r/Eh9  and  (b)  I/E/O  cond  i  t  i  nr,s  . 


»  •  ' 


cp—r^— »  - 

.s  .S^S 


Jl 


Figure  3. 


Constant  deflection  Figure  ^  Device  for  loading 

stressing  frame  and  specimens  in  tension 

direct  tension  specimen.  with  constant  deflection 

stressing  frames. 


Figure  b.  99  (mrcent  survival  stresses 
for  IM  7075-T651  as  a 
^"nr.tion  of  exposure 
stress  and  time.  (Ref. 


LONGITUDINAL 


MEAN 

BREAKING 

STRESS. 

ksi 


ANALYSES  AND  CORRELATIONS  OF  ENVIRONMENT  ASSISTED 
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Abstract 


Fatigue  crack  growth  rate  data  were  generated  for  the  43A0  steel  (H.T. 
180-200  ksi)  in  salt  water.  At  lower  frequencies  and  in  the  lower  delta-K 
region,  they  are  higher  than  those  obtained  in  lab  air.  To  properly 
account  for  environment  effects,  an  existing  crack  growth  prediction 
program  was  modified,  and  a  table-lookup  scheme  for  describing  the  FCGR's 
as  functions  of  stress  ratio,  frequency,  and  delta-K  was  added.  Using  the 
new  capability,  crack  growth  life  predictions  were  made  for  attachment 
lugs,  with  and  without  bushings,  subjected  to  spectrum  loads,  in  salt 
water  and  in  lab  air.  Overall,  the  predictions  correlate  well  with  test 
results.  The  tests  also  demonstrated  that,  during  the  test  periods, 
interference-fit  bushings  had  a  beneficial  effect  on  corrosion-fatigue 
lives  of  attachment  lugs  made  of  4340  steel.  Future  works  are 
recommended . 


Introduction  and  Qbiectives 

Modern  aircraft  are  designed  to  tolerate  flaws  and  fly  safely  until  the 
next  scheduled  inspection  and  repair.  Crack  growth  predictions  are 
intended  to  provide  information  for  making  such  assessment;  and  for 
evaluating  design  and  repair  options,  including  the  use  of  new  materials. 

Attachment  lugs  are  among  the  most  commonly  used  fracture  critical 
components  in  aircraft  structures.  Due  to  corrosion,  stress-corrosion 
cracking,  human- induced  damage,  material  defects,  fretting,  and  fatigue, 
cracks  may  nucleate  in  attachment  lugs.  Such  cracks  significantly  elevate 
the  high  stresses  and  strains  around  the  hole  edges  which  exist  before 
crack  initiation.  Because  of  the  narrow  net  section  and  high  stress 
concentrations,  it  is  particularly  important  to  develop  accurate 
analytical  procedures  and  verify  them  experimentally  so  that  dam.age 
tolerance  of  attachment  lugs  is  assured. 

Crack  growth  prediction  procedures  became  sophisticated  during  the 
Seventies  and  early  Eighties.  At  Lockheed,  Hsu  developed  a  general 
purpose  crack  growth  prediction  program  (1)  and  a  load- interaction  model 
[2]  to  account  for  crack  growth  retardation/acceleration.  In  addition, 
with  funding  provided  by  Lockheed's  IRAD  projects  and  AFWAL  Contract  No. 
1 3361 5-S0-C-321 1 ,  Hsu,  Kathiresan,  and  Brussat  developed  and  test -ver if ied 
analytical  procedures  for  predicting  crack  growth  in  attachment  lugs  [3, 
4,  5,  6]. 

The  need  to  consider  corrosion  fatigue  has  long  been  recognized.  As 
stipulated  in  the  military  specification  "Airplane  Damage  Tolerance 
Requirements,"  MIL-A-83444  for  metallic  aircraft  strvictures,  crack  growth 
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analyses  shall  account  for  cyclic  mechanical  loads  and  chemical 
environments  to  which  components  are  subjected  in  service.  In  recent 
years,  corrosion  assisted  fatigue  has  attracted  even  more  attention.  For 
attachment  lugs,  as  shown  in  Figure  1,  the  two  leading  causes  of  failure 
in  service  have  been  found  to  be  stress-corrosion  cracking  and  (corrosion) 
fatigue  crack  growth.  These  statistics  are  the  outcome  of  a  Lockheed 
survey  [5],  with  assistance  from  five  Air  Force  Logistics  Centers. 

Many  attachment  lugs  are  made  of  high  strength  steels,  including  4340 
steels.  Crooker  and  Lange  [7]  found  that  the  fatigue  crack  growth  rates 
(FCGR's)  of  4340  steel  in  salt  water  subjected  to  cyclic  loads  at  lower 
frequencies  are  higher  than  those  obtained  in  lab  air.  Since  some 
aircraft  are  stationed  on  coastal  bases,  it  is  reasonable  to  include  salt 
water  and  salt  water  spray  as  upper  bound  conditions  in  the  service 
environment  spectra.  Thus,  additional  database  and  a  new  capability  to 
properly  account  for  environmental  effects  become  desirable. 

The  objectives  of  this  work  are;  (1)  Add  capability  to  an  existing  crack 
prediction  program  for  attachment  lugs  to  account  for  the  effect  of 
varying  frequencies  of  spectrum  loads.  (The  existing  program  considers 
constant  frequency  for  the  entire  loading  spectrum  in  an  analysis.) 
(2)  Evaluate  the  effect  of  interference-fit  bushing  on  the  crack  growth 
life  of  attachment  lugs  made  of  4340  steel  in  3.5%  NaCl  solution. 

Case  Studies 

Figure  2  shows  the  configuration  of  a  straight  shank  attachment  lug 
without  bushing.  All  lugs,  with  or  without  bushing,  that  were  selected  in 
this  work  are  straight  shank  lugs  containing  a  through-the-thickness  crack 
and  having  a  hole  radius  of  0.75  inch,  thickness  of  0.5  inch,  and 
Ro/Rf  ratio  of  2.25,  which  is  the  medium  of  1.5  to  3.0  for  most  lugs 
in  service.  They  are  made  of  4340  steel  (H.T.  180-200  ksi),  having  a 
tensile  yield  strength  of  179.7  ksi.  The  bushing  was  made  of  4130  steel 
(H.T.  125-145  ksi).  Its  wall  thickness  is  0.09  inch.  The  diametral 
interference  is  0.008  inch.  The  target  environment  was  3.5%  NaCl  solution 
at  room  temperature,  in  which  the  4340  steel  is  known  to  be  corrosion- 
susceptible  . 

Figure  3  summarizes  all  case  studies.  For  each  case,  an  analytical 
prediction  was  made  and  correlated  by  test  result.  The  lab  air  cases  were 
included  to  gain  a  better  perspective  of  the  prediction/ test 
correlations.  For  these  cases,  lab  air  test  data  were  taken  from  Ref.  5; 
new  predictions  based  on  an  improved  method  for  crack  growth  rate 
description  were  accomplished. 

To  verify  the  prediction  procedures  against  variable  amplitude  loads, 
three  f 1 ight -by- f 1 ight  cyclic  load  spectra,  with  or  without  an 
amplification  factor,  were  used.  The  spectrum  loads  {F}  are  cyclic  loads 
derived  from  an  A'7  trainer  spectrum  (Ref.  5).  The  spectrum  loads  {C}, 
consisting  of  120  flights,  were  derived  from  C-5  mission  profiles  (Ref. 
5).  The  block  spectrum  loads  {B},  shown  in  Figure  4,  were  altered  from  a 
typical  flight  in  {C}.  Those  numbers  in  the  parentheses  are  artificial, 
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with  the  intent  to  accelerate  the  tests.  The  cyclic  loads  in  the  spectrum 
{B}  have  varying  amplitude,  stress  ratio,  and  frequency.  The  wave  form  is 
sinusoidal.  All  stresses  in  Figure  4  are  far-field  stresses  applied  to  a 
lug. 

Experimental  Procedures 

The  target  environment  was  3.5%  NaCl  solution  at  roo.m  temperature.  The 
solution  was  contained  in  a  small  transparent  plexiglass  chamber  with  an 
open  top  end;  the  specimen  was  totally  immersed.  A  small  pump  and  a 
flexible  tube  were  employed  to  continuously  circulate  the  salt  water  from 
the  chamber  bottom  to  the  specimen  region,  where  salt  water  was  gently 
injected  from  a  nozzle  toward  the  crack  tip.  This  setup  created  bubbles, 
but  no  slushing  or  massive  fluid  flow.  The  debris  generated  by  corrosion 
spread  out  in  suspension;  some  of  which  eventually  settled.  As  the  test 
progressed,  the  entire  chamber  of  dirty  fluid  was  occasionally  replaced 
with  fresh  solution. 

The  specimen  was  precracked  in  lab  air.  A  microscope,  aided  by  local 
illumination  and  rulers  attached  to  the  specimen,  was  used  to  visually 
read  the  crack  lengths  on  the  two  outer  surfaces. 

Cyclic  mechanical  loads  were  provided  by  electrohydraulic  servo  controlled 
testing  systems.  Each  system  contains  the  necessary  elements  to  control 
the  servo  loop,  generate  and  monitor  the  predetermined  cyclic  loads,  as 
well  as  perform  failsafe  functions.  The  system  is  interfaced  to  a  digital 
comput<=r . 

The  plain  end  of  a  lug  was  clamped  in  a  hydraulic  grip.  Loads  were 
applied  through  a  hardened  steel  pin  in  a  steel  fork  fitting,  which  was 
slotted  to  render  visual  access  to  the  crack  path  during  the  tests. 

Spectrum  loads  such  as  those  in  a  block  shown  in  Figure  4  were  applied 
sequentially  according  to  the  load  numbers.  After  the  completion  of  one 
block,  the  same  block  was  repeated  over  and  over  again  until  the  sp'^cimen 
failed. 

FCGR  DATA 

For  the  generation  of  FCGR  data,  compact  type  (CT)  specimens  were  used. 
The  measured  crack  growth  increments,  da,  and  corresponding  elapsed 
numbers  of  constant  amplitude  load  cycles,  dN,  were  fitted  into  a 
polynomial  equation  to  obtain  the  da/dN  vs.  delta-K  curve.  Tht-  procedures 
were  in  accordance  with  the  ASTM  Standard  E6i7  ft)r  constant- load-amplitude 
FCGR's  above  10“^  m/cycle. 

FCGR  data  were  generated  for  43-''0  steel  (H.T.  180-200  ksi)  in  salt  water. 
The  wave  form  is  sinusoidal.  The  stress  ratios,  R,  of  cyclic  loads  are 
0.01,  0.2,  0.5;  tne  frequencies,;,,  are  1,  2,  and  If  Hz.  They  amount  to  9 
test  condii  ions.  Addit  ional  data  were  also  generated  at  R  =  0.75  and  0  - 
15  Hz. 

Figure  5  shows  the  FCGR  data  at  R  =  0.2  and  ,  =  1.0  Hz,  in  salt  water  and 
in  lab  air.  At  lower  delta-K,  the  FCGR's  in  salt  water  are  higher  than 
those  in  lah  ,iir.  This  indicates  a  significant  contribution  to  the  total 
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crack  growth  by  environmental  enhancement.  At  higher  delta-K,  there  is  a 
merging  of  the  FCGR's  obtained  in  the  two  environments  -  the  crossover  in 
Figure  5  would  most  likely  disappear  if  many  coupons  were  tested.  The 
merging  data  trends  indicate  that  at  higher  delta-K  and  for  the  exposure 
time  of  1  second  per  cycle,  cyclic  mechanical  effects  are  the  predominant 
contributors  to  the  total  crack  growth.  Similar  qualitative  behavior  has 
been  reported  by  Crooker  and  Lange  [7].  It  should  be  noted  that  the  lab 
air  is  also  an  aggressive  environment.  In  Marietta,  Georgia,  the  relative 
humidity  of  lab  air  all  year  round  is  mostly  50-60%. 

Figure  6  shows  the  FCGR  data  for  three  different  combinations  of  frequency 
and  stress  ratio.  Given  the  same  stress  ratio,  the  crack  growth  rate  is 
higher  for  lower  frequency;  given  the  same  frequency,  the  crack  growth 
rate  is  higher  for  higher  stress  ratio.  Such  behavior  has  also  been 
reported  by  Miller,  Hudak,  and  Wei  [8]. 

Crack  Growth  Prediction  Procedures 

Prediction  of  crack  growth  from  an  initial  length  involves  three  steps: 
(1)  computation  of  stress  intensity  factors  (SIF's)  as  functions  of  the 
structure  and  crack  geometry/ length,  (2)  calculation  of  FCGR's  from  data 
table  or  fitted  functions,  and  (3)  accumulation  of  crack  growths  in 
response  to  the  time  varying  cyclic  loads,  crack  geometry/ length,  and 
crack  tip  plastic  zone.  At  Lockheed,  for  a  number  of  structural 
components  or  lugs  containing  typical  cracks,  these  steps  are  automated  in 
the  computer  program  "CRACKGROWTH/TH79"  [ij  and  its  offspring  "LUGRO"  [5]. 

To  calculate  the  SIF's  for  lugs,  the  program  "LUGRO"  takes  stress 
distribution  in  an  uncracked  lug  (obtained  from  finite  element  analysis) 
as  input,  and  performs  convolution  integration  involving  Green's  functions 
[3,  4,  5].  The  Green's  functions,  obtained  from  two-dimensional  finite 

element  models  with  a  crack  tip  element,  are  stored  in  data  form  in  the 
program. 

For  predicting  the  damage  accumulation,  both  "GRACKGROWTH/TH79"  and 
"LUGRO"  use  a  layer-by-layer  integration  technique  to  calculate  the 
incremental  crack  growth  per  load  block,  da/dB,  ar  function  of  crack 
length  "a".  Its  inverse  function  dB/da  is  then  integrated  with  respect  to 
the  crack  length  "a"  to  obtain  the  number  of  load  blocks  required  to  grow 
a  crack  from  "a"  to  "a  +  da". 

Hsu's  load-interaction  model  [2]  was  applied  to  account  for  the  crack 
growth  retardation  due  to  tensile  overload.  For  lugs,  there  is  no  crack 
growth  acceleration  due  to  compressive  overioad  to  consider.  This  is 
because  a  lug  is  designed  primarily  to  carry  tensile  loads;  and  when  it  is 
subjected  to  compressive  loads,  small  tensile  hoop  stresses  are  developed 
at  the  crack  site  shown  in  Figure  2. 

iv'th  "CRACKGROWTH/TH79"  and  "LUGRO"  consider  constant  frequency  for  the 
'lit  lie  loading  spectrum  in  an  analysis.  Since  the  enviroament  enhanced 
rar k  growth  rate  is  frequency  dependent,  the  program  "l.UGRO"  was  modified 
'  ri  i s  work  so  that  the  effect  of  varying  frequencies  of  spectrum  loads 
o  -1  .!<  I  ounted  for . 


A  scheme  for  describing  the  FCGR  s  as  functions  of  stress  ratio, 
frequency,  and  delta-K  was  added.  This  was  accomplished  by  setting  up  the 
FCGR  "tables"  for  various  material/environment/wave-form/frequency 
combinations.  In  each  table,  the  FCGR's  are  stored  in  the  form  of  fitted 
data  or  Forman  equation  constants  for  a  number  of  stress  ratio  R's  and 
delta-K  ranges.  The  FCGR's  at  frequencies  not  tested  are  calculated  from 
a  linear  combination  of  the  FCGR's  for  two  encompassing  frequencies  for 
which  data  were  tested  and  data  or  equation  constants  were  stored. 

Effect  of  Interference-Fit  Bushing 

The  installation  of  an  interference-fit  bushing  results  in  substantial 
reduction  in  peak  local  stress  concentration  in  a  lug.  Simultaneously, 
residual  hoop  stresses  are  introduced  because  the  lug  hole  is  enlarged; 
the  latter  is  due  to  compressive  stresses  exerted  in  the  radial  direction 
onto  the  lug  hole  boundary  by  the  bushing.  In  the  presence  of  a  fatigue 
crack  and  a  mechanical  load  cycle,  this  means  a  lower  stress- intensity 
factor  range  but  a  higher  stress- intensity  factor  ratio.  In  lab  air,  the 
net  effect  on  fatigue  life  is  beneficial  when  an  optimum  amount  of 
interference  is  used  [9].  In  salt  water,  the  effect  of  a  lower 
stress-intensity  factor  range  should  remain  beneficial.  The  effects  of 
residual  stress  and  higher  stress  ratio  are  qualitatively  negative.  To 
determine  their  net  combined  effect  is  one  objective  of  this 
investigation. 


Figure  7  shows  the  fatigue  lives  of  three  lugs  that  were  cyclic  load 
tested  in  salt  water.  Let  lives  be  compared  on  the  same  basis:  the 
number  of  load  blocks  required  for  the  crack  to  grow  from  an  initial 
length  of  0.13  inch  to  0.60  inch.  Here  a  load  block  is  equivalent  to  36A2 
cycles.  The  unbushed  lug  SW-1  survived  about  200  load  blocks;  whereas  the 
bushed  lug  SW-2  survived  about  400  load  blocks.  Even  the  bushed  lug  SW-3, 
which  was  subjected  to  50%  higher  cyclic  loads,  lasted  longer  than  the 
unbushed  lug  SW-1.  Clearly,  the  net  effect  of  bushing  on  fatigue  life  is 
beneficial  for  the  tested  cases. 

Comparison  of  Predicted  and  Tested  Lives 


Figure  8  shows  the  ratios  of  predicted  to  tested  crack  growth  lives.  A 
prediction  is  conservative  if  its  life  ratio  is  less  than  1. 
Incidentally,  because  of  the  inherent  randomness  in  material  properties 
and  structural  details,  life  ratios  and  FCGR  data  normally  fall  in  scatter 
bands.  For  the  purpose  of  development  here,  the  best  fit  or  average  FCGR 
data  were  used.  In  application,  the  upper  bound  of  the  "real"  scatter 
band  of  FCGR  data  should  be  used  when  conservative  predictions  are  desired 
tlO]. 

For  unbushed  lugs,  in  lab  air  and  salt  water,  the  life  ratios  here  vary 
from  0.90  to  1.70.  For  lugs,  such  accuracy  is  good  in  view  of  the  high 
stress  concentrations  and  the  clearance  that  may  have  existed  at  the 
pin/lug  interfaces. 
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For  bushed  lugs,  in  lab  air  and  in  salt  water,  the  life  ratios  are  0.96, 
0.48,  0.26,  and  0.42,  respectively.  The  trend  is  conservative;  and  it  may 
be  due  to  bush/lug  interface  modeling.  As  to  the  low  ratio  of  0.26  for 
the  lug  SW-2,  test  records  show  that  the  initial  crack  lengths  on  the  two 
outer  surfaces  are  highly  unequal.  A  crack  of  such  shape  can  be  expected 
to  grow  slower  than  a  through-the-thickness  crack.  For  the  other  three 
lugs,  the  life  ratios  fall  within  a  factor  of  2.4.  Although  such  accuracy 
is  acceptable,  improvement  is  desirable. 

Summary 

The  FCGR's  of  the  4340  steel  (H.T.  180-200  ksi)  in  salt  water  are 
functions  of  cyclic  load  frequency  and  stress  ratio.  They  are  higher  than 
those  obtained  in  lab  air  at  lower  frequencies  and  in  the  lower  delta-K 
region.  Since  structures  spend  most  of  their  crack  growth  lives  at  crack 
shape/ length  corresponding  to  lower  delta-K' s,  it  is  important  to  consider 
the  service  environments  and  the  effect  of  cyclic  load  frequencies. 

An  existing  crack  growth  prediction  program  was  modified,  and  a 
table-lookup  scheme  for  describing  the  FCGR's  as  functions  of  stress 
ratio,  frequency,  and  delta-K  was  added.  Using  the  new  capability,  crack 
growth  life  predictions  were  made  for  three  attachment  lugs  that  were 
spectrum  load  tested  in  salt  water;  and  for  eight  attachment  lugs  that 
were  previously  spectrum  load  tested  in  lab  air.  Compared  with  test 
results,  predictions  for  unbushed  lugs  are  satisfactory;  predictions  for 
bushed  lugs  need  improvement.  Overall,  the  prediction  procedures  have 
properly  accounted  for  the  salt  water  environment. 

The  tests  also  demonstrated  that  interference-fit  bushings  had  a 
beneficial  effect  on  corrosion-fatigue  lives  of  attachment  lugs  made  of 
4340  steel  during  the  test  periods. 

The  following  works  are  recommended:  (1)  Improve  prediction  procedures 
for  analyzing  a  lug  with  an  interference-fit  bushing;  (2)  Determine  the 
effect  of  pin/ lug  clearance  on  the  stress  intensity  factor  of  a  cracked 
lug;  (3)  Investigate  the  long  term  effect  of  an  interference-fit  bushing 
on  the  fatigue  life  of  a  4340  steel  lug  in  an  aggressive  environment;  (4) 
Evaluate  the  performance  of  lugs  made  of  more  corrosion  resistant,  high 
strength  steel  alloys. 
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Figure  1.  Causes  of  Failure  of  i.ugs  in  Service 
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Figure  7.  Tested  Crack  Growths  in  Attachment  Lugs 
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ENVIRONMENTAL  CRACKING  OF  A  SIJFERFERRITLC  STAINLESS  STEEL 
UNDER  SLOW  STRAIN  RATE  CONDITIONS 

J.  A.  Smith 

Material  Science  and  Technology  Division 
Naval  Research  Laboratory 
Washington,  ix;  20)75-5000 


Abstract 

Computer  aided  slow  strain  rate  testing  together  with  electro- 
chemlcal/perraeation  measurements  were  performed  on  a  superferritic 
stainless  steel  in  0.6  N  NaCl  solution.  Data  show  tiiat  in  the  absence  of 
applied  stress  permeation  current  density  (ip),  hydrogen  diffusivity  (Dg), 
and  hydrogen  concentration  (Cq)  all  decrease  with  increased  deformation. 

In  the  presence  of  applied  stress,  ip  and  D4  values  decrease  but  Co  values 
Increase  in  going  froin  elastic  to  plastic  strains.  The  observed  pseudo- 
invariant  in  the  ductility  vs  electropotential  plot  for  this  material  is 
ascribed  to  the  increase  in  Cq  values  with  increases  in  plastic  strain. 
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ENVIRONMENTAL  CRACKING  OF  A  GUFERFERRITIC  STAINLESS  STEEL 
UNDER  SLOW  STRAIN  RATE  CONUITIONS 


Int  roduct Ion 

Materials  utilized  for  critical  corapoiients  in  marine  applications 
typically  require  both  passivity  and  resistance  to  environmental  cracking. 
The  emergence  of  a  new  class  of  alloys,  namely,  Che  superf erricic  stain¬ 
less  steels  have  created  considerable  interest  because  of  tlieir  excellent 
resistance  to  pitting  and  crevice  corrosion  in  chlorinated  environments 
(1,2).  The  essential  featirres  of  these  alloys  are  their  low  interstitial 
levels  and  their  high  chromium  and  molybdenum  contents. 

In  many  applications  these  new  ferritic  steel  alloys  are  required  to 
be  in  contact  with  other  less  corrosion-resistant  alloys.  To  prevent 
galvanic  corrosion  such  multi-metal  systems  are  usually  protected  by  the 
application  of  cathodic  potentials  (1,4).  However,  at  modest  cathodic 
potentials,  a  totally  unexpected  and  surprising  tendency  toward  cracking 
occurs  in  these  medium  strength  alloys. 

Generally,  in  most  passive  metal  systems,  tlie  crack  initiation 
meclianism  is  considered  from  the  standpoint  of  surface  dissolution  effects 
related  to  the  competition  between  passivation  and  depassivation  kinetics. 
Since  the  surface  dissolution  process  of  passive  metals  in  Cl~  solutions 
at  open  circuit  potential  (OCR)  is  dependent  in  part  on  the  pH  and  elec¬ 
tropotential  of  the  system  and  the  stress  state  of  the  inaterial,  the 
influence  of  these  parameters  requires  critical  analysis. 

The  purpose  of  the  present  work  is  to  study  the  role  of  hydrogen 
absorption/permeation  and  stress  state  in  determining  the  mechanism  of 
crack  initiation  in  Fe-29Cr-4Mo  superf err  1  tic  stainless  steel  (Allegheny 
Ludlum  Steel  Corporation  A129-4C). 


Experimental  Procedure 

The  experimental  approach  utilized  in  these  tests  consists  of  a 
computer-aided  slow-straln-rate  techctique  which  incorporates  facilities 
for  electrochemical  and  hydrogen  permeation  monitoring.  Great  advantages 
are  afforded  by  computer-aided  systems  because  they  bring  enormous  data 
acquisitions  and  manipulative  capabilities,  as  well  as,  consistency, 
reliability,  and  higli  S()eed  to  the  field  of  experlinentai  corrosion  test¬ 
ing.  The  slow-straln-rate  (SSR)  apparatus  used  to  assess  susceptibility 
to  environmental  cracking  consists  of  a  gear  driven  system  mounted  in  a 
sturdy  load  frame  (Figure  1).  In  the  SSR  tests,  smooth  tensile  bars  witli 
a  cross-section  of  approximately  b.3b  rain  x  U.8  mm  were  pulled  to  fracture 
at  a  strain  rate  of  1.45  x  li)~^/sec,  win  le  being  exjiosed  to  the  relevant 
environmental  conditions  eltlier  at  the  free  corrosion  potential  iir  poten- 
t  ios  tat  lea  I  ly  coiitrolled  at  a  predetermined  potential.  Alloy  cliemical 
compositions  and  as  received  mechanical  properties  are  listed  in  Tables  I 
and  2. 
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Slow-strain-race/H-permeatlon  testing  was  carried  out  witli  each 
specimen  having  an  exposed  diameter  of  19  mm  and  a  tliickness  of  approxi¬ 
mately  0.127  mm.  All  permeation  specimens  are  given  a  hOU-grit  finish  and 
then  the  exit  side  is  immediately  coated  with  Pd. 

A  schematic  diagram  of  the  permeation  cell  is  shown  in  Figure  2. 
Briefly,  the  technique  (5,6)  requires  the  establishment  of  a  diffusion 
gradient  within  a  metal  specimen  by  utilising  two  electrochemical  cells, 
one  on  either  side  of  the  metal  specimen.  On  one  side,  the  conditions 
within  the  cell  are  adjusted  via  a  potent iostat  so  that  hydrogen  is 
charged  into  the  specimen;  on  the  other  side  of  the  specimen  is  put  under 
anodic  control  so  that  hydrogen  is  continually  being  extracted.  Analyzing 
the  permeation  current-time  transients  by  ktuiwn  m-ithematlcal  and  graphical 
methods  provides  Information  concerning  hydrogen  absorption  and  movement. 


Results 


Table  3  gives  a  summary  of  SS  tests  for  superf erri t ic  steel,  A129-4C, 
in  air  and  0.6N  NaCl  solutions.  These  results  show  a  shift  froiQ  ductile 
to  brittle  behavior  as  one  progresses  from  anodic  to  cathodic  potentials. 
This  shift  is  attributed  totally,  or  in  part,  to  material  embrittlement 
due  to  hydrogen  absorption. 


Slow-Strain-Rate  Tests 


A  representation  of  the  damage  to  A129-4C  via  environmental  corrosion 
is  expressed  in  terms  of  ductility  degradation  versus  potential  in  Figure 
3.  This  graph  shows  a  low  ductility  region  stretching  from  -14U0  mV  to 
circa  -600  mV.  By  using  the  pli  value  of  the  test  solution,  one  may  calcu¬ 
late  the  hydrogen  equilibrium  potential,  V||/|q;,,  by  the  Nerst  equation: 
'^H/H2  “  -0.242  -  0.059  pH  (SCK).  At  pH  =  6.3,  the  caLcualted  potential  is 
Vh/H2  “  ~  Since  this  potential  is  more  negative  than  the  observed 

open  circuit  potential  of  +17  mV,  crack  propagation  at  the  open  circuit 
potential  is  not  expected  to  be  controlled  by  hydrogen  related  processes. 
However,  at  controlled  potentials  more  cathodic  tlian  -610  mV,  crack  propa¬ 
gation  is  expected  to  be  influenced  or  controlled  by  hydrcjgen  diffusion 
processes. 

In  Figure  4  at  OCR,  the  SEM  fractograph  shows  a  predominance  of 
mlcrovold  coalescence  while,  in  Figure  5  at  -600  mV,  alpha-cleavage  is 
seen  to  predominate.  At  -1400  mV  (Figure  6)  large  catliodic  currents 
produce  copious  amounts  of  H2  at  tiie  motal/solution  interface.  The  ad¬ 
sorption  of  this  hydrogen  on  ttie  surface  and  subsequent  adsorption  into 
the  metal  result  in  the  fractured  specimen  sinowing  little  reduction  in 
area  and  possessing  all  transgranu far  alpha-cl<!a vage ,  numerous  secondary 
cracks,  and  some  microvoids.  The  observed  microvoids  are  consistent  wich 
the  findings  of  other  investigators  (7). 

Elect r ochem teal/ Fermeat Ion  Tests 

The  superior  environmental  .:ta<',king  l)ehavior  of  super  ferritic  skin¬ 
less  steel,  A12(i-4C,  appears  to  be  vested  in  an  oxi  ie  film  possessing; 
considerable  Cr  and  some  iU)  enrichme^nt ,  bas,.>d  on  An,;*' r  data.  \s  seen  ii 
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l''igures  7  and  8,  observed  open  circuit  potential  in  aerated  O.bri  N'aC  L 
solutions  at  pH  6.3  is  approxinate ly  +17  inV  and  resides  in  a  low  current 
density  passive  regime.  Additionally,  referring  baric  to  Figure  3,  one 
notes  that  no  area  of  low  ductility  exists  outside  the  potential  range 
where  the  evolution  of  hydrogen  is  possible.  Tnis  is  consistent  vith  a 
cracking  mechanism  attributable  to  hydrogen  embrittlement  and  not  to  a 
process  dependent  on  anodic  dissolution. 

Table  4  shows  the  behavior  of  pure  iron,  some  binary  iron  alloys, 
and  A129-4C  in  0.6N  NaC 1  at  pH  b.3.  tliis  table  illustrates  that,  given 
a  certain  amount  of  adsorbed  hydrogen,  as  primarily  deteriained  by  pH  and 
system  potential,  the  amount  of  absorbed  iiydr Jgen  is  greatly  Influenced 
by  oxides,  films,  etc.  at  the  metal/solution  surface.  Additionally,  one 
notes  In  Figure  9  that  the  amount  of  deformation  influences  the  amount  of 
hydrogen  in  a  metal.  By  plotting  ip  -610  mV  as  a  function  of  stress,  a 
significant  decrease  in  ip  values  is  noted  after  tlie  yield  strengtli  (oy) 
is  exceeded  while  Ip  values  are  found  to  be  relatively  uniform  below  oy. 
This  reduction  in  Ip  values  suggests  that  hydrogen  is  being  trapped  witlii i 
the  metal  (8).  Such  an  occurrence  togetlier  with  the  Increase  In  values 
(Table  5)  at  stress  levels  greater  t’uau  uy  suggests  that  the  constancy  of 
low  ductility  values  in  the  cathodic  potential  rangi!  (-14UU  mV  to  circa 
-600  mV)  results  from  the  Increased  hydrogen  generated  in  the  plastic 
stress  range  and  from  hydrogen  trapped  at  and  heltiw  -610  mV.  TogeCiier 
t’ney  conjointly  act  to  embrittle  the  metal. 


Discuss  ion 

The  environmental  cracking  behavivnr  of  superferri tic  stainless  steel, 
Ald9-4C,  may  be  explained  on  the  basis  of  Hydrogen  movement  and  surface 
film  breakdown.  Movement  of  hydrogen  Is  usually  accomplished  tlirough 
diffusion  when  ari  appropriate  potentli’  exists.  It  may  be  accelerated  by 
t'le  movement  of  dislocations  during  deformation  processes  c;r  restricted  by 
tiieir  trapping  action. 

In  iron  and  ferritic  steels,  dislocation  cores  and  grain  bound  iries 
are  considered  to  contribute  greatly  to  liydrogen  trapping  (9).  Oriani 
(UJ)  and  Mcheilan  (11)  estimated  trap  densities  caused  by  these  lattice 
defects  (f(jr  deformed  ferritic  steels)  to-be  on  the  order  of  i  j'^  -  +  :< 

l!)19  cm~^.  For  non-deforaed  ferritic  steels  tlie  value  is  expected  tj  b-- 

somewliat  less  (12).  it  is  reasonable  to  as:;ume  th.it  increasiid  disLo,  it  i  ji- 
density  effectively  traps  some  hyur.jgen  .lud  reduces  d-pe  r  ie.it  ion  (.li-ln). 
This  is  noted  in  Figure  9.  A  c.eisiderat ion  uf  the  data  i  i  Tanles  »  a  id  > 

also  support  tills  premise.  For  ieiritic  vtiiil.'ss  steel,  ,,n  Si 

percent  decrease  in  ip  and  circa  19  per.s'it  deciea.e  ii  d  i  r  f  us  1  c  1. 1 tJjii 
result  upon  d-i f o rm.i 1 1  on  via  cold  rolliint  t  >  .in  per  e,-,t  redaci  i  i  i  ;  i 
th  i  :kue-is . 


b'nder  conditious  of  plistic  detor-.iati  >n ,  ole  Li  '  s.ri',  i 
iMwn  'la r  f  ace  films  .lad  1  i  luce  ic  1 1  ■  1 . l  i  ic oe  n  i  •'  i  !  re.i,  ;  i  m 

r.i  1.:  t  L.  ms  depending  on  the  ;>!i,  el  >ct  r  nt  ii !  .  i  a  'heni  ,t 

syntein  may  eitiier  result  in  d  i  ss- >  1 -i  t  i  ■  n  er  ivdricei  .;e,i,T,i  i 
In  the  at  irm.ient  ioned  tests,  une  wm!  I  esp.n-t  a-'  i  i.  i  ••  a  ;  ■  '  i 
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higher  plastic  strain  levels.  Table  5  shows  the  variation  of  ip  and  U^j 
with  increasing  stress  levels  for  Ali9-4C  aiaterial  deformed  Hb  percent  by 
cold  rolling.  Although  slight,  a  definite  increase  in  hydrogen  concen¬ 
tration  values  is  indicated  with  ascending  plastic  stress  levels. 

It  has  been  shown  that  the  cracking  behavior  of  siiperferr  Ltic 
stainless  steel,  A129-4G,  in  chloride  solutions  is  controlled  by  a 
hydrogen  related  mechanism.  The  experimental  results  presented  in  this 
paper  indicate  that  the  movement/ trapping  of  hydrogen  witliln  the  metal  is 
of  great  importance  in  interpreting  cracking  behavior.  In  tlie  absence  of 
applied  stress  ip,  Dg,  and  Gq  values  decrease  as  the  degree  of  deformation 
increases.  However,  in  the  presence  of  stress  ip  and  lJ|i  values  decf'-’ase 
but  Gq  values  increase  as  we  go  from  elastic  to  plastic  behavior.  The 


appearance  of  a  pseudo-invariant  line  ia  the  oatliodic  i 
ductility  vs  electropotential  pliit  is  ascriijed  to  tois 
hydrogen  content  with  increasing  i^lastic  strain.  Ttiis 
agreement  with  current  observations  of  'l-,.er  n.- at  i  on  i  i 
conditions  of  continuous  cathodic  l)vdro;en  ch.i  r  a  i  ipt . 
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CORROSION  AND  STRESS  CORROSION 


OF  METALS  IN  DECONTAMINATION  SOLUTIONS 


Elizabeth  Hall  and  ^iiton  Levy 
U.S.  Army  Materials  Technology  Laboratory 
Watertown,  Massachusetts  02172-1000 


ABSTRACT 

Highly  alkaline  decontamination  solutions  can  damage  Army 
materiel.  To  evaluate  alloys  used  in  its  equipment,  tbe  Army  is 
undertaking  electrochemial  studies  in  sodium  carbonat--,  DS2  and 
STB.  General  corrosion  rates  are  reported  for  f u 1 1 -s t ren gth  and 
diluted  solutions.  Ferrous  alloys,  titanium,  aluminum  alloys, 
magnesium  and  two  metal  matrix  composites  are  tested.  Research 
in  progress  on  susceptibility  of  alloys  to  stress  corrosion 
cracking  and  CARC  coating  durability  is  discussed. 

INTRODUCTION 

The  longevity  of  equipment  with  potential  exposure  to  toxic 
chemical  environments  is  a  priority  for  the  U.S.  Army.  The 
solutions  most  effective  for  decontamination,  however,  pose 
corrosion  concerns.  These  solutions  are  highly  caustic  and 
neutralize  toxic  agents  either  by  oxidation  or  by  hydrolysis. 
Thus  they  may  attack  metal  as  well  as  organic  coatings.  This 
paper  delineates  the  research  in  progress  at  the  U.S.  Army 
Materials  Technology  Laboratory  to  obviate  materiel  degradation 
during  decontamination. 

At  present,  electrochemical  techniques  ar-=  used  to 
investigate  the  effects  of  three  decontamination  solutions: 
sodium  carbonate,  DS2  (an  organic/hydroxide  solution)  and  STB 
(supertropical  bleach)  on  alloys  of  steel,  titanium,  aluminum, 
and  magnesium  as  well  as  composites  of  aluminum  and  magnesium. 
Decontamination  solution  and  alloy  compositions  are  shown  in 
Tables  1  and  2.  General  corrosion  rates  are  quantified  and 
localized  attack  is  not^d.  Susceptibility  to  stress  corposion 
cracking  (SCC)  is  evaluated  using  the  method  of  Park'ins.*'  In  a 
later  portion  of  the  study,  elpctrochemical  impedance  techniques 
will  be  used  to  evaluate  the  durability  of  chemical  agent 
resistant  coating  (CARC)  on  alloys  decontaminated  with  thns^ 
th  ree  solutions  . 

EXPERIMENTAL  METHODS 

The  electrochemical  corrosion  measuring  system  i  i eludes  a 
Greene  cell,  a  microcomputer  controlled  Rotentiostat/Galvanostat 
(PAR  Model  2  7  3  ),  and  a  o r i n t e r  /  o 1 n 1 1 e n  .  Two  graphite  counter 
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electrodes  are  used.  The  reference  electrode  is  a  saturated 
calomel  electrode  (SCE)  separated  by  a  glass  bridge  with  a  Vycor 
tip.  The  working  electrode  disc  is  fastened  in  a  poly^etra- 
f 1 uoroethy 1 ene  holder  and  has  a  surface  area  of  1.0  cm".  Cell 
volume  is  1  liter.  The  scan  rate  is  .2  mV/sec. 

Tests  are  run  at  room  temperature.  Solutions  are  not 
purged.  Equilibrium  time  required  varied  between  fifteen  minutes 
and  overnight  depending  on  the  solution.  Line  sy nc ron i z a t i on  and 
IR  compensation  are  used  for  low  conductivity  solutions  such  as 
distilled  water  and  f u 1 1 -s t ren gt h  0S2.  Distilled  water  is  used 
for  dilution  to  keep  results  as  consistant  as  possible.  Due  to 
the  irritant  nature  of  DS2  and  STR,  runs  are  conducted  in  a  hood 
with  100  fpm  +/-  20  fpm  face-flow.  Gloves  are  used  when  working 
with  DS2  and  STB  to  avoid  contact  with  skin. 

For  each  alloy,  data  is  gathered  by  three  techniques: 
potentiodynamic  scan,  Tafel  plot,  and  polarization  resistance. 
Tafel  slopes  of  100  mV  are  assumed.  Computer  calculated 
corrosion  rates  are  hand-checked  before  they  are  reported. 

Calculation  of  corrosion  rates  for  metal  matrix  composites 
assume  that  the  silicon  carbide  particles  and  the  aluminum  oxide 
fibers  do  not  contribute  to  the  corrosion  current.  The  volume 
percentage  is  used  to  approximate  the  surface  area  covered  by  the 
particles.  Thus,  the  corrosion  rate  is  calculated  using  the 
surface  area  of  metal  exposed. 

Susceptibility  to  SCC  is  measured  by  the  method  of  Parkins.^ 
The  technique  involves  comparing  a  fast  potentiodynamic  sweep 
(17  mV/sec)  wherein  film  formation  is  minimized,  to  a  slow 
potentiodynamic  sweep  (.2  mV/sec).  Overlaying  the  two  curves 
will  indicate  any  ranges  of  potential  within  which  there  is 
significant  current  density  difference  and  thus,  SCC  is  likely. 
The  following  boundary  conditions  are  u|ed: 

(cl)  Current  densities  below  1  mA/cm‘^  on  the  fast  sweep  are 
considered  negligible. 

(b)  At  any  given  point,  the  current  density  difference 
between  fast  and  slow  sweeps,  divided  by  the  slow  sweep 
current  density,  shall  exceed  lODO. 

The  software  controlling  the  potentiostat  has  been  modified  to 
allow  17  mV/sec  to  be  run. 

The  slow /fast  scan  technique  will  not  quantify  SCC 
incubation  time  or  crack  growth  rate,  but  it  may  allow  a  ranking 
of  alloy  vulnerability  to  SCC.  Because  sodium  carbonate  is  so 
well-known  a  system,  it  will  be  used  as  the  basis  of  comparison 
for  results  in  DS2  and  STR. 

Electrochemical  impedance  techniques  on  a  PAR  Model  5208 
will  be  used  to  rate  CARC  coating  on  samples  as  "good",  "fair", 
or  "poor".  Coated  samples  will  be  soaked  in  solution  for  2A 
hours.  After  the  open  circuit  potential  has  stabilized,  Nyquist, 
Bode  a''.;  phase  plots  will  he  generated.  Dsing  these  plots  to 
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find  "equivalent  circuits"  thf-  physical  hphavinr  of  the  coating 
will  be  characterizpd.  Those  oguivalont  circuits  will  serve  as 
the  criterion  for  relativ-  ranking. 

r  L  S  T  M  A  t  1  X 

Five  alloys  are  heini  invest  iijateU;  farhon  Steel  1020, 
Carpenter  20CB3  (a  Ni-Cr  steel),  hifanium  fiAl-4V  fgrade  5), 
Aluminum  alloys  5083,  5  0  51,  /030,  Mayn-'sium  /E41A,  A1  5061/25 

vol%  SiC,  and  Mg  ZE41A/35  voii  ;:p  Ifire  polished  Al^O^l.  They 
are  in  the  most  commonly  used  hiaf  r  roa  f  meet- s  .  Composition  data 
are  given  in  Table  2.  The  specimen  are  i>''Poared  by  grinding  with 
dry  600  grit  paper  and  ultrasonic  rleaning  in  ncetone. 

Samples  are  tested  in  K''  sadium  carbonate.  They  are  then 
tested  in  100%  DS2,  and  in  'liurions  of  50-',  30 it  and  2  0%  and  pure 
water.  STB  is  tested  as  a  saturated  sols'  ion  and  as  a  50% 
dilution  with  wat  er . 

Fast  and  slow  scans  are  being  ran  in  10%  sodium  carbonate. 
These  data  are  evaluated  wirii  ti'p  Parkins  criteria. 

C A R C  samples  will  be  tested  ' n  10/  sodium  carbonate,  f u  1  1  - 
strength  DS2,  and  STB.  Dilutions  will  op  limited  hy  the  number 
of  samples  available. 

R  f-  S  U  !.  T  S 

Only  a  few  alloys  were  rested  in  sodium  carbonate.  The 
results  are  found  in  Table  .  Sod  1  c.  arhnnate  is  agressive  to 
aluminum,  but  benign  to  steel  and  ‘iranium.  Ibis  same  test 
matrix  was  evaluated  via  the  Parkins  technique.  Preliminary  data 
indicate  that  none  of  these  ^I'  .v's  has  1  tendency  to  crack. 
However,  experiments  witii  a  system  known  to  produce  cracking  also 
showed  a  low  tendency  to  crack.  Discussions  with  Dr.  Parkins 
have  lead  the  author  to  conclude  that  this  method  may  not  he  a 
good  indicator  of  cracking  fop  those  particular  alloys.  Further 
investigation  will  be  nrieded  net.;  re  finalizing  this  conclusion. 

Full-strength  nS2  is  benign  to  all  alloys.  When  diluted, 

DS2  is  more  aggressive  to  all  alloys.  Aluminum,  however,  is 
acutely  susceptible  to  d  i  1  ;j  t  i  o  n  s  in  t  li  p  range  of  20  to  3  0  %  052. 
Metal  matrix  composites  behaved  similarly  to  the  base  alloy. 
Results  are  listed  in  Tables  4  -  1  , 

STB  is  very  agressive  to  s  t  ^  1  ,,  n  d  a  1  u  'i  i  n  u  .  Diluting  STB 

mitigates  the  corrosion  rate  f'^r  nio.-,  ^  itlovc.  Metal  matrix 

composites  had  higher  c  0  r  r  o  '  n  -  < '  ■  ■  ,  *^'',10  did  t  h  o  base  a  1  1  n  v  in 

some  cases.  Results  ar**  1  i  s  i- e  i  ’  . 

Preliminary  stress  r  r ,, ,  i  ,.,,,100  ■;  a  i  in  s  0  i  i  u  m 

carbonate,  using  the  Parkins  1  ■ .  '-i  n  i  -  m  .  n  ,  h  o  o  n  i  n  r  o  n  <-  1  u  s  i  v  e  . 

Normalized  differences  in  ('irr.i,'  ■  o  ruenont-  d*‘nc;if-Y  have  been 
below  1  D  n  0  in  the  passive  r  n  ■  n  ‘  ‘  *■  h  i  *■  i  v  e  1  1  1  n  v  s  . 
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factor.  Tarantino  found  that  pure  DS2  was  non-reactive  with 
aluminum  alloys  but  very  corrosive  upon  dilution  with  water. 
Maximum  corrosion  rates  occurred  ^t  30  percent  DS2.  Table 
9  presents  some  of  these  results.  A  Canadian  study  of  DS2 


containers  showed  corrosion  on|^ 
DS2  to  contact  the  atmosphere. 


those  with  defects  allowing 


Two  studies,  however,  contradicted  these  findings.  The 
Naval  Civil  Engineering  Laboratory  tested  coupons  by  partial  and 
cyclic  immersion  for  two  weeks.  The  cyclic  immersion  coupons 
allow  moisture  to  absorb,  forming  an  unknown  dilution.  These 
showed  slightly  increased  corrosion  rates  for  most  metals. 
Corrosion  rates  for  aluminum  however,  decreased  slightly.  Table 
10  presents  some  of  this  data.  A  study  by  Roberts  in  1947  showed 
no  detect^^le  corrosion  on  aluminum  or  titanium  in  DS2/10%  H^O 
solution. 

Because  of  its  organic  constituents,  1)52  attacks  many 
non-metallics.  Hughes  Aircraft  reported  an  uncross-linked 
urethane  coatir"  exposed  to  DS2  was  turned  to  syrup  within  24 
hours.  Even  arcer  2  hours,  the  urethane  was  damaged.  Because 
the  urethane  used  in  CARC  is  cross-linked,  CARC  is  expected  to 
withstand  DS2  after  24  hours.  Roberts  showed  that  polyurethane 
sheet  dissolved  in  DS2.  He  tested  two  types  of  polyurethane 
coatings  in  pure  r)S2  and  DS2/10%H20.  In  both  cases  significant 
deterioration  was  noted.  However,  in  this  same  test,  a  glass 
fiber/^^oxy  resin  composite  showed  no  deterioration  after  24 
hours.  Roberts'  results  contrast  with  those  reported  by 
Hughes.  That  study  showed  some  epoxy  disolyed  from  an  epoxy¬ 
glass  laminate  exposed  to  DS2  for  24  hours.  Tests  on  two  epoxy 
coatings  have  shown  similarly  mixed  results.  One  coating  peeled 
off  in  less  than  10  days,  while  another  in  the  same  test  lasted 
almost  45  days.  On  an  epoxy  adhesive,  052  caused  peel  strength 
to  decrease  to  24  percent  of  the  original  strength  after  24  hours 
at  23°C.^ 
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STB,  s upe r t r op i c a  1  bleach,  is  a  mixture  of  calcium  oxide 
(CaO)  and  calcium  hypochlorite  (CaOCl^).  It  contains  10-30 
percent ^act i ve  chlorine,  compared  with  3-5  percent  in  commercial 
bleach."’  It  has  a  pH  of  11. B,  or  when  diluted  11.5.  STB  is  a 
strong  oxidizer  making  it  ef|p^tive  on  most  agents.  It  is 
recommended  for  broad  usage.  ’  Like  any  bleach,  it  is  dangerous 
to  eyes,  skin  ,  the  respiratory  system  and  clothing.  As  a  slurry 
with  water,  STB  ^s  non-flammable,  albeit  less  effective  in 
decontamination. 


As  a  powder,  STB  will  not  penetrate  crevices.  It  can 
ignite  in  contact  with  agent  and  produces  an  exothermic  reaction 
with  anti-freeze  (etiiylen^  glycol).  In  reactions  with  some  agents 
it  produces  toxic  vapors."  It  may  he  stored  as  an  anhydrous 
powder  for  2  years  or  more.  It  is  stable  as  a  solution  for  6 
weeks  at  158T  and  for  10  years  in  hermetically  sealed  bottles  at 
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ambient  temperatures. 
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STB  is  severely  corrosive  to  most  met  a  1  s  ‘  Hughes 

Aircraft  reported  pitting  and  discoloration  on  aluminum  alloys 
after  only  1  hour  coupon  immersion.  Copper,  brass  and 
electroless  nickel  plating  were  also  discolored.  Martensitic  ^ 
stainless  steel  remained  passivated  for  the  24  hour  immersion. 

The  Naval  Civil  Engineering  Laboratory  study  showed  very  low 
corrosion  rates  for  A1  5052  and  6061,  and  titanium  alloys; 
moderate  rates  for  stainless  and  Inconel;  high  rates  for  A1  1100, 
2024,  3003,  and  other  metals.  A  subset  of  this  data  is 
presented  in  Table  10.  Harris  reported  only  Stellite,  Hastelloy 
and  tungsten  alloys  as  having  "excellent"  corrosion  resistance. 
Stainless  steel,  high  silicon  iron  and  Inconel  were  rated 
"good" . 


Dilution  is  expected  to  mitigate  the  aggressiveness  of  STB. 
Unlike  DS2,  STB  solutions  are  inherently  conductive.  Dilution 
will  reduce  the  chloride  concentration. 


Most  nonmetallics  are  stable  in  STB.  Hughes  Aircraft 
reports  that  a  urethane  c  i  r  cu  i  t -boa  rd  coatii^g  was  intact  after  24 
hours  in  STB;  a  diminished  gloss  was  noted.  No  physical  change 
or  strergth  loss  was  seen  on  an  epoxy-glass  laminated  in  STB. 
Epoxy  adhesive  showed  no  change  i physical 
properties  in  STB  after  24  hours. 

CONCLUSIONS 


Aluminum  is  very  vulnerable  to  decontamination  solutions. 

Magnesium  and  carbon  steel  are  vulnerable  to  STB. 

Metal  matrix  composites  may  show  higher  corrosion  rates  than 
does  its  base  alloy. 

The  Parkins  method  of  SCC  evaluation  may  not  he  useful  for 
the  Army's  engineering  alloys.  Further  investigation 
i s  requ i red  . 
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Table  1.  Decontamination  Solution  Compositions 
Sodium  Carbonate  -  10  wt%  solution  in  water 


DS2  -  70  wt%  Diethylenetriamine 

28  wt%  Methyl  Cellosolve  (Ethylene  glycol 
monomethyl  ether) 

2  wt%  Sodium  Hydroxide 


STB  -  Calcium  Hypochlorite 

Calcium  Oxide  -  added  as  a  stabilizer 
Water  -  optional;  used  to  form  a  slurry 


Table  2.  Specimen  Composition  Data 


A1  loy 


D  e  n  s  i  ^y 
gm/cm 


Equi vdl ent 
we i ght 


Compos i t i on 
wt  % 


C  1020 

20CB3 


Ti-6A1-4V  4.43 


A1  5083- 
H112 


7, 

.86 

28. 

.98 

C- 

.17,  M 

n  - 

.42, 

P-. 

009, 

S-, 

,006 

7, 

,86 

24. 

,53 

C- 

.019, 

Mn 

-.34, 

,  Si 

-.40 

P-, 

.021, 

S- 

.002, 

.  Cr 

-19. 

Ni  ■ 

-32.91 

> 

Mo-2, 

.22, 

Cu- 

-3.26, 

C  b  +Ta • 

- .  58 

4, 

.43 

1 1  . 

.70 

C- 

.02,  N 

014, 

Fe- 

.  H, 

A1  ■ 

-6.0, 

V  - 

3.9, 

0-. 

132 

2. 

,66 

9. 

,  18 

Si  ■ 

- .  40, 

Fe 

-.4, 

Cu- 

.10, 

Mn-.40/1.0,  Mg -4. 0/4.  9, 
Cr-.05/.25,  Zn-.25,  Ti-.IC 


A1  6061 

A1  7039 


2.70 

2.70 


9.15 

10.01 


Si-. 60,  Cu-.IO,  Mn-.75, 
Mg-. 10,  Cr-.20,  Zn-.125 


Cr-.  16/. 25,  Cu-.  10,  Fp-.4, 
Mg-2.3/3.3,  Mn-.10/.40, 

Si -.30,  Ti-.IO,  Zn-3.5/4.5 


Mg  ZE41A 


1.85 


13.33 


Zn-.04,  Ce-.012,  Zr- .007 


Note:  Metal  matrix  composites  use  same  lata  as  matrix  il1oy. 
Surface  area  exposed  is  modified. 
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Table  3.  Alloys 
Alloy 


Carbon  Steel 
Alloy  20CB3 
Titanium 
Aluminum  5083 
A1 umi num  7039 


in  Sodium  Carbonate 

Corrosion  Rate 
(mpy  ) 

0.14 

0.08 

0.08 

28.4 

37.4 


Table  4.  Ferrous 

and  Titanium  Alloys 

in  DS2 

DS2 

Carbon  Steel 

Alloy  20CB3 

Titanium 

Volume  % 

(mpy  ) 

(mpy  ) 

(mpy  ) 

100 

0.01 

0.03 

0.01 

50 

0.03 

0.04 

0.04 

30 

0.20 

0.10 

0.03 

20 

0.34 

0.25 

0.18 

0 

1.00 

0.10 

0.02 

USNCEL  Data 

(100%)  0.3 

- 

O 

o 

Table  5.  Aluminum  Alloys  in  r)S2 


^  .■•  -•■j 

•/  •.•/.•  -. 

.  -r,  . 

.V.V.'.*,'. 

.V.vN.' 

V  V  V 
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.V. 


>;-vi 


DS2 

A1  5083 

A1  7039 

Volume  % 

(mpy  ) 

(mpy  ) 

100 

0.13 

0.02 

50 

180 

400 

30 

490 

990 

20 

360 

980 

0 

0.04 

0.08 

USNCEL  data 

(A1  5052) 

(A1  7178) 

(100%) 

0.6 

0.3 
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Table  6.  Aluminum  Metal  Matrix  Composites  in  DS2 


DS2 

Volume  % 


A1  6061 

(mpy  ) 


A1  6063 
(mpy  ) 


A1  6061/SiC 
(mpy  ) 


100 

0.23 

0.12 

0.22 

50 

445 

421 

69 

30 

>1000 

766 

444 

20 

>1000 

717 

888 

0 

0.05 

7.1 

0.24 

USNCEL  data 

(100%)  0.6 

“ 

Table  7 

.  Magnesium 

Metal  Matrix  Composites  in  DS2 

DS2 

Mg 

ZE41A 

Mg/FP 

Volume 

% 

(mpy  ) 

(mpy ) 

100 

0.03 

0.03 

50 

0.29 

0.48 

30 

0.24 

1.92 

20 

0.50 

0.34 

0 

4.80 

4.90 

USNCEL  data 

(Mg-FS) 

(100%) 

0.5 

Table 

8. 

Corros ion  of 

Alloys 

in  Super 

T ropi cal  Bleach 

A1  loy 

Full  Strength 

USNCEL 

50%  Oi 1 ut 

(mpy  ) 

(mpy  ) 

(mpy  ) 

C.S.  1020 

156 

12.6 

97 

Alloy  20CB3 

1  .28 

- 

0.28 

Titanium  Gr 

.  5 

0.14 

0.1 

0.14 

A1  5083 

10 

1.3 

23 

A1  7039 

50 

45.5 

20 

A1  6061 

27 

1  .  1 

10 

A1  6061/SiC 

24 

- 

64 

Mg  ZE41A 

125 

43.0 

290 

Mg  ZE41A/FP 

330 

- 

575 
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Table  9.  Corrosion  Rates  of  Alumir, um  6063-T6 
in  DS2  Diluted  with  Distilled  Water 
Using  Tafel  Extrapolation 


DS2 

(Vol  t) 


Corrosion  Rate 
mpy 


100 

0 

95 

1 

90 

19 

75 

84 

60 

219 

50 

421 

35 

724 

25 

308 

10 

539 

5 

387 

2 

80 

0 

7 

Source:  Reference  9 


Table  10.  Corrosion  Rates  of  Coupons 
in  DS2  or  STB  for  2  Hours 


Partial 

1  mme  r 

Sion 

Cyclic 

I  mme  r  s i o  n  * 

Alloy 

lOO'^F 

mpy 

75' 

^F  mpy 

DS2 

STB 

DS2 

STB 

Steel  1020 

0.3 

12.6 

0.3 

5.7 

Aluminum  1100 

0.8 

37.4 

0.4 

7.8 

2024 

0.4 

48.3 

0.2 

9.7 

3003 

0.7 

32.5 

0.4 

6.4 

5052 

0.6 

1.3 

0.3 

3.3 

606  1 

0.6 

1  .  1 

0.3 

3.8 

7178 

0.3 

4  5.5 

0.2 

6  .8 

Ti  -6A1 -4V 

0.0 

0.1 

0.0 

0.0 

Ti -4A1 -3MO-1V 

0.0 

0.1 

0.0 

0.0 

Stainless  304 

0.  1 

4.0 

0.1 

4.2 

Stainless  15-7PH 

0.0 

3.6 

0.0 

2.4 

Inconel  MIL-N-6840 

0.1 

8.5 

0.1 

7.6 

Ma  gnes  i  um-FS 

0.5 

43.0 

1.6 

4.3 

Cr  plate  on  steel 

0.7 

11.4 

1  .  1 

4.7 

Cd  plate  on  steel 

0.0 

6.5 

0.0 

i) .  9 

*lmmersions  were  5 

seconds 

long 

f 0 1  lowed 

by  1 5 

minutes  o  ^ 

atmospheric  exposure. 


Source:  Reference  3 


HYDROGEN  EMBRITTLEMENT  OF  STEEL 
RICHARD  BROWN 
MATERIALS  TECHNOLOGY  LAB. 


WATERTOWN,  MA  02172. 


im’RODUCTION 


MIXER  SUPPORT  BOLT  FAILED  MARCH  12,  1986. 
BOLT  MATERIAL  4340  ESR  STEEL  Rc  55 


286  DAYS  FROM  MANUFACTURE. 


FAILED  IN  THREADED  REGION. 


BOLT  TORQUED  TO  250  ft  .lbs  IN  SERVICE. 
°  VACUUM  CADMIUM  PLAHNG  ON  COMPONENT. 
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OBJECTIVES 

°  DETERMINE  FAILURE  MECHANISM  OF  BOLT. 

°  CONDUCT  TESTS  ON  BOLTS  REMOVED  FROM  SERVICE  TO 
DETERMINE  STRENGTH  LEVEL  OF  MATERIAL. 

°  OBTAIN  INFORMATION  OF  DEGRADATION  MECHANISMS. 
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APPROACH 

°  FRACTOGRAPHY  OF  FAILED  BOLT. 

°  METALLOGRAPHY  OF  FAILED  BOLT. 

°  MECHANICAL  TEST  PROGRAI^  ON  SPECIMENS  FROM  SERVICE  BOLTS 
°  RESEARCH  PROGRAM  TO  STUDY  MITIGATION  OF  THE  PROBLEM. 


FAILURE  OCCURRED  IN 
BETWEEN  ARROWS 


V.**. 


METALLOGRAPHIC  SECTION  SHOWING  FACETTED  NATURE  OF  CRACK  GROWTH 
SOME  SECONDARY  INTERGRANULAR  CRACKS  CAN  BE  SEEN. 
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FRACTURE  SURFACE  AT  ORIGIN  EXHIBITING  INTERGRANULAR  FACETS. 


SMOOTH  TENSILE  DATA 


°  4340  ESR  STEEL  BATCH  FOR  MIXER  SUPPORT  BOLT. 
SMOOTH  BAR  0.0027MIN  STRAIN  RATE. 

°  LONGITUDINAL 


%RH 

UTS 

^A 

TR  82-1 

0 

(ksi) 

296 

37 

47 

50/55 

292 

39 

41 

75/85 

291 

37 

43 

100 

292 

24 

12 

TRANSVERSE 

0 

294 

38 

50/55 

290 

39 

75/85 

295 

38 

100 

296 

19 
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MIXER  BOLT  MATERIAL 


°  NOTCHED  BAR  TESTS,  0.00002 "/MIN  SRAIN  RATE. 
0 


CREVICE  FORMED 

BY  NYLON 

FILAMENT  IN  NOTCH. 

ENVIRON. 

CREVICE 

LOAD  AT  FAILURE 
(lbs) 

AIR 

NO 

6900 

DIST.  WATER 

NO 

7500 

3.5%  NaCI 

NO 

GRIPS 

3.5%  NaCl 

YES 

3250 

0.2M  SOD.  SULF. 

YES 

2770 

3.5%  NaCl,-1.2V(SCE)  YES 
0.2M  SOD.  SULF.,-1.2V  YES 
3.5%NaCl,  A1  6061  T6  YES 


1860 

1770 

2750 


i  in 


• 

Sr:vM 

■V 


w-ts 
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CONCLUSIONS. 

°  MIXER  SUPPORT  BOLT  FAILED  BV  HYDROGEN  EMBRITTLEMENT. 

POSSIBLY  ENVIRONMENTAL  EXPOSURE  AND  A  CREVICE  FORMED 
BY  THE  THREADS  BOTH  CONTRIBUTED  TO  THE  EMBRIHLEMENT. 

°  THE  4340  ESR  STEEL  USED  FOR  MANUFACTURE  WAS  GOOD. 

°  EXPOSER  TESTS  INDICATE  THAT  A  CREVICE  APPEARS  TO  FURTHER 

DEGRADING  THE  STEEL,  POSSIBLY  BY  CREVICE  CORROSION  PROVIDING  EXTRA 
HYDROGEN  IN  THE  HIGH  STRESS  AREAS  AT  NOTCHES. 

°  A  RESEARCH  PROGR,AM  IS  UNDER  WAY  TO  INVESTIGATE  MITIGATION  BY  ION 
IMPLANATION  TO  BLOCK  HYDROGEN  DIFFUSION  PATHS. 

°  COMPONENT  TESTING  IS  BEING  CONDUCTED  TO  AID  DESIGN  BY  PROVIDING 
INPUT  DATA  TO  STRESS  ANALYSIS  PACKAGES  SO  BETTER  PREDICTION  OF 
THE  USEFUL  SERVICE  STRENGTH  LEVELS  CAN  BE  ACHIEVED. 
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ENVIRONMENTALLY  ASSISTED  CRACK  INITIATION 
IN  IGNITION  STAHIER  BREECH  CHAMBERS 


R.  D.  Daniels>  D.  M.  Egle,  A.  5 
University  of  Oklahoma 
No  r  ma n ,  OK 


Khan 


A  .  B  .  Gillies 

Oklahoma  City  Air  Logistics  Center 
Tinker  Air  Force  Base,  OK 


Abstt  ac  t 

Failures  of  steel  b<eerh  cha'hers  in  c a r t r i dge- i gn i t i o n 
aircraft  jet  engine  starters,  although  i  are  occurrances,  are  a 
matter  of  serious  concern.  Fail res  nave  taken  several  forms, 
but  usually  involve  fracture  and  uniripping  of  the  chamber  dome. 
The  interior  surface  of  the  drm.c-  is  s  ,bject  to  corrosion  because 
of  the  accumulation  of  c  omib  us  t  ;  c  n  piodi.cts  and  moisture  behind 
heat  shields.  The  corrosion  f  r  ec  ...er,  t  1  v  involves  pitting. 

Twenty-five  used  but  ser  ,  i  c  eat- !  e  breech  chambers  were 
taken  from  service  for  c am  i  na  t  i  o  iv  and  pressure  testing. 
Corrosion  products  were  collected  and  analysed  and  the  interior 
surfaces  of  the  domes  were  rlea-ir-d  and  inspected  before 


hydraulic  pressure  testing 
pressure  well  above  the 
of  the  chambers  ruptured, 
to  determine  the  origin 
the  fractures  initiated 


The  evidence  gathered 
failures  encountered  in  the  field 
env  1  r  onrrient  ally  assisted  cack 
pitting  corrosion.  Significa’it  w 
not  correlate  with  failure  lead 
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element  analysis  showed  that 
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Cartridge-pneumatic  stai  ters  are  mectianical  sy 
to  accelerate  jet  engine  turbines  to  speeds  sufficie 
the  engines  CIJ.  The  starters  are  used  in  two  modes 
cartridge  mode*  in  which  a  rapidly  burning  sniip 

cartridge  is  ignited  within  a  clcsed  chanitier  ( 
chamber /c ar tr 1 dge  chamber  assembly)  and  the  rapid! 
combustion  gases  provide  the  er.ergy  t  c.  start  the  engi 
the  pneumatic  mode*  in  which  air  f  r  c  -  another  engir-e 
support  compressor  provides  the  neccssat  y  energy.  Th 
of  the  cartridge  rriode  are  that  it  p  Ovibrs  a  sc- I  f 
starting  capability,  not  depeidei 't  or.  grounj  support 
it  provides  a  quick  start  capability  in  which  all  eng 
started  simultaneously. 


stems  used 
nt  to  start 
:  (a)  it-it- 

propellant 
the  b  '  p  e  j 
y  e  X  p  a  nd  i  nq 
ne  ,  a  rid  (  b  ) 

or  a  g  r  o  1 1  n  n 

e  beripf  1  t 
-suf  f  1  c.  en  t 
,  a  r.  d  that 
1  nes  can  be 


Failure  of  br  eec  h  chambers  d  nr  i  t-ig  f  i  r  i  rag  is  a  r  a  ■'  e 
occurrance,  about  one  out  oh  PO-O'OCj  firings,  but  is  never  the  1  e=.s 
prevalent  enough  to  cause  serious  ccrTcern.  A  number  of  steel 
breech  chamber  failures  that  ha.e  occurred  since  1978  have  beer, 
investigated  at  the  University  ot  Ok  1  arncma  .  Reports  on  some  ot 
these  investigations  tiave  been  published  [?,3].  Early  on, 
corrosion  was  identified  as  a  significant  factor  in  most  of  the 
failures*  and  stress-ccrrcsiorT  cracr-i''iq  woS  suggested  as  a 
possible  failure  mechanismt  [?1.  A  .-ras  u ''der  t  a  (•  en  in  1983 

to  determine  the  operating  c  r' rid  i  t  ;  o  ns  wit"'in  the  steel  breech 
chambers  used  on  B-52  air  c -  a  ft  [u].  The  work  iricluded 

measurement  of  t  emper  a  t  u  r  es  *  p  r  e'-.  s .  ■  r  c  s  ,  and  stresses  that  occur 

in  a  chamber  during  actual  firir.gs,  a  firq-.e  elemer.t  stress 
analysis  of  the  chamiber  L  ased  cn  t'  ese  actual  oreraf  '.nq 

conditions  [5]*  and  studies  of  tfe  prop'ionsity  of  the  steel  to 

initiate  and  propagate  crocks  L.ruer  tfie  combined  influence  of 
stress  and  the  residues  left  in  tfie  cfiamuer  after  firing  of 
cartridges.  Stress-corrosion  cracking  st  idles  we>e  carried  out, 
using  the  slow  strain  rate  t  ec  tii"i  i  oue .  ..n  eteel  samples  in  an 

environment  consisting  of  moistened  residues  removed  from  fai led 
breech  chambers  C6],  'i’fiese  studies  def.o  tcs  t  r  a  t  ed  that  the 
residues  can  cause  s  t  r  ess- c  o  r  r  os  i  o  n  crarkir.g. 

Based  on  the  kiicwlejge  gained  in  tf-.ese  par  liei  et^^dies, 
twenty-five  used  but  ue  vicpi-cle  bteech  cbaiXibers  her  E-b2 
aircraft  were  removed  fr„m  ser-.  ice'  for  ei-ac-,  ination  and  press,,  re 
testing  to  determine  the  condition  ot  ttie  chambers  and  the  sire 
and  shape  of  flaws  and-'oi-  cracks  tfat  might  be  pnesent  in  tf.e 
chambers  C7D.  The  ctiambers,  m-r-nufu'.  ttired  by  tfie  Euridytrand 
Corporation*  had  been  ir.  seivice  fur  undetermined  lenc,  tbs  of 
time  and  each  had  undergone  an  tti  r,  i  n,fc,g  number  of  f  ;>  irigs. 

All  25  chambers  were  considettd  to  pr  in  operational  condition 
by  existing  criteria. 
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Service  failures  in  the  steel  breech  chambers  have  been 
primarily  of  the  type  shown  in  Figure  1«  wherein  the  chamber 
dome  splits  open  during  a  cartridge  burn.  The  fracture 
typically  initiates  in  the  knuckle  region,  on  the  side  of  the 
dome  diametrically  opposite  the  gas  exhaust  port.  Subsequent  to 
initiation,  the  fracture  propagates  around  the  circumference  of 
the  dome  toward  the  exhaust  port  and  the  top  of  the  dome  is  bent 
away  from  the  chamber  to  form  a  flap.  Erosion  of  the  fractuie 
surfaces  by  escaping  hot  gases  generally  makes  it  impossible  to 
detect  pre-existing  flaws  and/or  cracks  at  the  location  of  the 
fracture  origin. 

In  the  present  study  the  25  used  breech  chambers  were 
pressurized  hydraulically.  The  goal  of  the  project  was  to 
determine  the  flaw  configurations  that  might  be  present  in  a 
charriber  after  some  period  of  service.  It  was  hoped  to  determine 
flaw  sizes,  shapes,  and  locations  that  are  responsible  for  the 
service  failures  in  a  typical  chamber.  The  project  was  divided 
into  three  tasks:  (a)  pressure  testing  and  nondestructive 
evaluation  of  flaws,  (b)  stress  and  fracture  analysis,  and  (c) 
me ta 1 1 ogr aph i c  analysis  C7].  This  paper  touches  on  all  phases 
of  the  study,  with  emphasis  on  the  significance  of  corrosion  on 
the  general  degradation  of  the  chambers  and  on  the  development 
of  critical  flaws. 


Examination  and  Testing  of  the  Breech  Chambers 

Task  (c)  included  visual  examination  and  photography  of 
the  chambers  initially  and  subsequent  to  each  procedure  or  test 
that  altered  the  appearance  or  condition  of  the  chambers. 

Examination  of  Uncleaned  Chambers 

After  an  initial  examination  of  a  chamber  as-received,  thn 
internal  heat  shields  were  removed  by  dry  cutting.  The  inner 
surface  of  the  chamber  dome  was  then  examined  before  any  at  temp  t 
was  made  to  remove  corrosion  product  and  other  residues  from  the 
surface  (except  for  the  loose  products  that  were  collected 
during  removal  of  the  heat  shields). 

In  general,  there  were  two  distinct  types  of  residue  on 
the  interior  surface  of  the  chamber  dome.  A  thick,  ad^lerent 
scale  tended  to  cover  the  surface  surrounding  the  exhaust  port. 
It  was  up  to  one-quarter  inch  thick  in  places.  This  scale  on 
some  chambers  covered  up  to  50  percent  of  the  interior  surface 
area  of  the  dome.  The  remaining  surface  was  covered  by  a  light 
to  heavy  rust  colored  scale.  This  scale,  where  present  in 
quantity,  was  less  adherent  than  the  scale  around  the  exhaust 
port.  Examples  of  both  types  of  scale  are  shown  in  Figures  2 
and  3.  Figure  2  shows  the  interior  surface  of  chamber  7.  Tt.e 
thick,  adherent  scale  is  at  the  bottom  of  the  photograph  around 
the  exhaust  port.  The  smoother  looking  surface  above  is  covered 
with  a  thin  layer  of  rust  colored  scale.  The  thick,  adherent 
scale  is  gray-yellow  and  gray-brown  in  color.  A  portion  of  this 
scale  IS  shown  close  up  in  Figure  3.  Table  1  summarizes  results 
of  observations  on  the  interior  surfaces  of  the  uncleanpd 
chamber  domes. 
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Removal  and  Analysis  of  Surface  Scales 

The  surface  scales  were  collected  from  the  breech  chambers 
for  study  by  x-ray  diffraction.  The  loose  scale  could  be 
removed  by  light  brushing  of  the  surface  but  the  adherent  scale 
had  to  be  picWed  or  chipped  away.  An  attempt  was  made  to 
segregate  the  loose  scale  from  the  adherent  scale,  so  that  there 
were  two  distinct  residue  samples  for  each  chamber.  The  loose 
scale  was  identified  with  the  chamber  number  and  the  adherent 
scale  with  the  additional  modifier  "A".  In  all  instances  the 
"A"  scale  represented  the  scale  removed  from  the  area  around  the 
exhaus  t  por  t . 

X-ray  diffraction  patterns  were  obtained  for  each  of  the 
residue  samples.  The  principal  compounds  identified  in  each  of 
the  samples  are  listed  in  Ta'^le  II.  The  compounds  are  listed  in 
order  of  decreasing  intensity  of  the  strongest  diffraction  line 
produced  by  the  compound.  Because  of  the  number  of  compounds 
probably  present  in  residues,  many  only  in  trace  quantities, 
only  compounds  present  in  substantial  quantities  could  be 
i dent i f i ed . 

The  average  pH  of  the  residues  was  5,  with  the  lowest 
value  found  being  3,5.  This  contrasts  with  the  results  for 
residues  from  chambers  failed  in  service  that  showed  an  average 
pH  of  3 . 

Examination  of  Cleaned  Chambers 

Scale  that  could  not  be  removed  by  mechanical  means 
without  damage  to  the  interior  surface  of  the  dome  was  removed 
by  cleaning  in  an  ultrasonic  bath  with  a  detergent  cleaner.  The 
cleaned  surface  was  then  visually  examined  and  photographed. 
Particular  note  was  made  of  the  location  and  severity  of  pitting 
of  the  surface.  The  results  of  these  visual  observations  ai  e 
presented  in  summary  form  in  Table  III.  Also  included  in  the 
table  are  notations  on  the  presence  of  electroless  nickel 
plating  on  the  interior  surface.  A  portion  of  the  interior 
surface  around  the  exhaust  port  is  plated  when  the  chamber  is 
immersed  in  a  bath  to  plate  the  external  surfaces  during 
manufacture.  Small,  shallow  pits  referred  to  in  the  table  are 
less  than  1  mm  in  diameter  and  0.E5  mm  in  depth.  Larger  pits 
are  2  to  5  mm  in  diameter  and  more  than  0.5  mm  in  depth. 
Examples  of  deep  pitting  in  chamber  17  are  shown  in  Figure  4. 

Ultrasonic  spectroscopy  was  employed  to  obtain  an 
approximate  picture  of  the  roughness  and  the  thickness  of  pitted 
areas  of  the  dome  surface.  The  method  was  shown  to  be  capable 
of  detecting  shallow  isolated  pits  of  depth  less  than  0,03  inch 
C6],  The  method  was  also  employed  to  map  the  wall  thickness  of 
the  chamber  domes.  The  nominal  wall  thickness  of  the  chamber 
dome  is  0.10  inches  out  to  the  knuckle  radius  where  the  wall 
begins  to  thicken.  Because  of  general  thinning  of  the  wall  due 
to  corrosion,  thickness  values  of  0.07  to  0.09  inches  were 
common . 
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Proof  Testing  and  Chamber  Fractures 

The  cleaned  chambers  were  proof  tested  to  a  design  maximum 
pressure  of  5000  psi  in  a  hydraulic  pressurization  system. 
Automotive  automatic  transmission  fluid  was  used  as  the  pressure 
medium.  During  pressurization  the  chambers  were  monitored  for 
acoustic  emission. 

Seventeen  of  the  E5  chambers  ruptured.  The  results  of  the 
proof  tests  and  c 1  ass i f i c a t i on  of  the  dome  ruptures  are 
presented  in  Table  IV.  Not  all  of  the  chambers  that  ruptured 
failed  on  the  first  pressure  cycle.  Some  chambers  failed  only 
after  several  cycles  to  the  proof  test  pressure.  The  majority 
of  the  fractures  initiated  at  the  weld  located  at  the  exhaust 
port.  The  fracture  either  initiated  at  the  weld  as  in  Figure  5 
or  went  around  the  weld  as  in  Figure  6.  Several  chambers 
fractured  across  the  center  of  the  top  of  the  dome  as  in  Figure 
7.  Only  one  chamber,  chamber  7,  fractured  at  a  location 
diametrically  opposite  the  exhaust  port.  In  this  instance  a 
0.75  inch  long  through-wall  crack  developed  in  the  knuckle  area. 
Figures  8  and  9. 

Fracture  Surface  Examination 

The  crack  in  chamber  7  was  cut  out  of  the  breech  chanber 
and  split  open.  As  shown  in  Figure  10,  the  crack  consists  of 
three  sem i ~e 1 1 i p t i c a  1  pre-cracks.  Discoloration  of  the  cracks 
was  due  to  corrosion,  indicating  that  the  cracks  were  present 
prior  to  the  pressurization  test.  Dimensions  of  these  cracks 
are  illustrated  in  Figure  11.  The  fracture  surfaces  of  the  pre¬ 
cracks  were  examined  using  the  scanning  electron  microscope.  An 
SEM  photograph  of  the  pre-crack  fracture  surface,  Figure  18, 
indicates  intergranular  fracture.  Outside  the  pre-crack  area 
the  fracture  surface  exhibited  features  of  ductile  overload 
fracture. 

Preexisting  cracks  were  also  found  in  chambers  10  and  80. 
In  both  cases  the  domes  had  completely  separated  from  the 
chambers  during  the  pressurization  tests.  The  cracks  were  semi¬ 
elliptical  and  similar  in  configuration  to  those  in  chamber  7. 
Both  fractures  contained  one  large  crack  with  small  satellite 
cracks  adjacent  to  it.  In  chamber  10  the  largest  crack 
penetrated  through  appr o x i ma te 1 y  50  percent  of  the  dome  wall. 
In  chamber  80,  the  largest  crack  penetration  was  80  percent. 
The  cracks  in  chamber  10  were  about  one-third  inch  in  tc  tal 
length;  the  cracks  in  chamber  SO  were  about  one-half  inch  long. 
SEM  examination  revealed  the  fracture  modes  to  be  ductile 
overload  even  in  the  pre-cracked  areas.  The  fracture  sur-'aces 
were  not  discolored  and  showed  no  evidence  of  corrosion  as  did 
tiiose  in  chamber  7.  The  cracks  originated  from  well  defined 
pits  on  the  dome  inner  surface. 
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Wall  Thickness  Measuements 

Measurements  of  wall  thickness  were  made  on  cross-sections 
taken  for  me t a  1  1 oq r aph  1  c  e-am^nation  on  a  number  of  the 
chambers.  The  chambers  e>-a mined  included  the  range  of  failure 
types  observed.  The  cross-sections  were  taken  in  areas  ad  la cent 
to  the  fracture  origins.  The  results  are  p  eser.ted  in  Table  V. 
Maximum*  minimum,  and  typical  observed  wall  thicknesses  are 
recorded.  As  noted  above,  the  nominal  wall  thickness  of  the 
dome  is  0.10  inch.  Figure  13  sncws  an  evample  of  extreme  wall 
thinning  in  chamber  1  caused  by-  corrcsiori.  The  wall  thickries^^ 
has  been  reduced  by  90  percent. 

Finite  Element  Fracture  Analysis 

The  failure  pressures  to  be  e-pected  in  the  breech 
chambers  were  analyzed  as  a  furiction  of  crack  geometry  usiriq  a 
finite  element  e  1  asto-p  1  ast  i  c  program.  The  details  cjf  the 
program  are  given  elsewhere  [0,93.  The  analysis  was  carried  out 
for  a  9390  steel  with  a  true  stress-true  strain  curve 
corresponding  to  a  800'  F  temper  (hardness  of  Rr  93)  [  1  C' ]  .  The 
results  of  the  several  rnodels  examined  are  preser.ted  in  Table 
VI.  The  models  include:  no  crack  or  cavity,  raridomi  variations 
in  thickness,  discontinuous  variation  in  thickness,  partly 
spherical  cavity,  and  sem i -e 1  1  i p t i c a  1  crack.  The  partly 
spherical  cavity  ( PSC  )  would  be  analogous  to  a  pit  shaped  as  a 
portion  of  a  sphere.  The  sem i -e 1 1 i p t i c a i  crack  (5EC)  would  be  a 
sharp  crack  with  a  sem i -e 1 1 i p t i c a  1  contour.  Both  the  PSC  and 
the  SEC  can  be  cha'"  ac  ter  i  zed  by  the  parameters  c/t  and  a  t, 
where  c  is  one-half  the  crack  width  (or  cavity  diameter),  a  is 
the  crack  or  cavity  depth,  and  t  is  the  wall  thict-ness. 

The  operating  pressure  of  a  breech  chamber  dur  i nq  fir i nq 
IS  aboi.t  1 SOO  psi  [9].  Thus  only  the  models  with  an  SbC  could 
produce  crack  extension  at  pressures  on  ttie  order  of  1 BOU  psi  . 
These  models  assume  some  wall  thinning  due  to  overall  corrosion 
(t  =  0.08  inch).  In  addition,  the  ratio  of  crack  width  c/t  to 
crack  depth  a/t  must  be  large  as  in  models  lb,  19,  rO,  and  BP. 
Tt'ie  reason  for  this  is  that  if  c/t  is  small,  the  neutral  planer 
does  not  shift  too  much  when  the  crack  grows  in  the  thickness 
direction.  Since  the  stresses  in  the  cap  change  from  tensile  at 
the  inside  surface  to  compressive  at  the  outside  surface  with  a 
very  steep  gradient  [51,  most  of  the  crack  tip  will  sit  in  a 
stress  field  of  lower  magnitude  than  a  crack  with  a  smaller  at 
ratio.  With  a  large  c/t  ratio  the  neutral  plane  shifts  toivarj 
the  Outside  as  the  crack  grows. 
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Discussion  and  Conclusions 

Only  one  of  the  twenty-five  breech  chambers 
in  a  manner  that  could  be  predicted  from  our  e 
service  failures.  This  was  chamber  7  where  fract 
from  preexisting  cracks  located  d  i  ame  t  r  i  c  a  1  1  y- 
exhaust  port  at  the  radius  where  the  knuckle  r 
This  IS  the  location  where  the  spherical  dome 
cylindrical  side  wall  of  the  chamber.  The  ma 
stresses  produced  in  the  chamber  wall  during 
cartridge  are  located  at  this  radius 
pressurization  of  chamber  7  produced  only  a 
fracture  at  this  location,  Figures  8  and  9 
pressurization  would  probably  have  produced  a  fail 
the  service  failure  shown  in  Figure  1. 
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In  the  absence  of  preexisting 
defects  in  the  dome  wall,  overload  1 
weld  around  the  exhaust  port  are  to 


cracks 


ex  pec  ted . 
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to  concentrate  the  stress.  In  those  instarices  wtiere  the 
chambers  failed  across  the  top  of  the  dome,  the  ultrasonic 
thickness  maps  of  the  dorries  showed  that  tkie  fracture  uaths 
approximately  matched  the  boundaries  where  there  was  a  distir'ict 
discontinuity  in  wall  thickness.  However,  these  maps  did  not 
identify  the  fracture  origins. 

The  residues  removed  from  the  cham.bers  iricluded  oxides  of 
iron  and  potassium  chloride.  The  potassium  chloride  will 
increase  the  corrosion  rate  in  the  presence  of  moisture  and  terip 
to  increace  the  acidity  in  pits  ttirough  the  hydrolysis  reaction 
involving  the  chloride  ion.  Observations  on  cleaned  champe'  s 
indicated  that  pitting  was  more  severe  in  areas  which  wpi e 
plated  with  electroless  nickel.  Since  the  temperature  Crn  the 
inside  Surface  of  the  dome  reaches  500'  F  to  800'  F  during  a 
cartridge  burn  t9],  the  el  ec  troless  nickel  is  expected  to  crack, 
due  to  brittleness  of  the  coating  produced  by  heating  to  these 
temperatures  and  the  differential  expansion  with  the  steel . 
Cracks  in  the  ''oating  will  in  turn  set  up  galvanic  cells  that 
promote  pitting  of  the  steel. 

The  wall  thinning,  mapped  ultrasonically  and  measured  in 
particular  locations  by  taking  cross-sections,  did  not  correlate 
with  failure  load  or  origin.  The  finite  element  analysis  shewed 
that  thickness  variations  were  insufficient  to  cause  failure  at 
the  chamber  operating  pressure.  The  analysis  also  showed  ttiat 
the  presence  of  a  pit  could  cause  yielding  at  the  bottom  of  the 
pit  but  not  failure  under  operating  conditions. 
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The  finite  element  analysis  showed  that  cracWs  could 
extend  subcritically  under  chamber  operating  pressures  if  crack 
aeometry  is  favorable.  For  a  sem i -e 1 1 i p 1 1 c a  1  crack  the  c/t 
ratio  must  be  large  compared  to  the  a/t  ratio.  One  model  (model 
19  in  Table  VI)  demonstrates  that  a  crack  with  a  depth  1 ? 
percent  of  the  wall  thickness  will  extend  sub -c r i t i c a  1  1 y  under 
loads  of  only  one-half  the  chamber  operating  pressure. 


Cracking  appears  to  initiate  at  the  base  of  pits.  It  is 
speculated  that  when  isolated  pits  reach  a  certain  size.  the 
stresses  produced  by  firing  a  cartridge  cause  yielding  to  occur 
at  the  base  of  a  pit.  Yielding  induces  tensile  residual 
stresses  localized  at  the  pit.  Corrosive  agents  in  the 
combustion  residue  (corribined  with  moisture  which  collects  behind 
the  heat  shields  between  firings)  and  the  residual  tensile 
stresses  must  promote  en  v  i  r  o  I'lmen  t  a  1  1  y  assisted  cracking.  This 
process  starts  a  microcrack  at  the  base  of  the  pit.  If 
microcracks  of  several  adjacent  pits  coalesce,  as  in  Figure  10, 
a  crack  large  enough  to  permit  subcritical  crack  growth  under 
service  conditions  is  produced.  This  crack  grows  slowly 
'presumably  Over  a  period  involving  a  number  of  cartridge 
firings)  until  it  becomes  critical  under  the  chamber  operatina 
conditions  and  failure  occurs.  The  process  of  subcritical  crack 
growth  can  be  considered  as  a  form  of  low  cycle  corrosion- 
f  a  t 1 que . 


While  this  mechanism  is  platisible,  there  are  unanswered 
questions.  First,  it  is  not  understood  why  some  of  the  chambers 
had  more  acidic  residues  than  others.  Second,  it  has  been 
observed  in  examination  of  service  failures  that  some  secondary 
cracks  found  in  chambers  appeared  to  initiate  from  a  surface 
which  was  essentially  free  of  pits  [33.  Finally,  the  rate  of 
crack  growth  in  the  low  cycle  fatigue  region  is  not  addressed. 
These  observations  do  not  invalidate  the  mechanism  proposed,  but 
tiiey  do  indicate  that  the  process  may  be  more  complex  than 
cu  t 1 1 ned . 


Two  possible  remedies  for  preventing  failures  in  service 
e, merge.  First,  the  chamber  could  be  redesigned  so  that  the  tieat 
shields  could  be  removed  for  regular  inspection  and  cleaning  ot 
the  inside  surface  of  the  dome.  Cleaning  would  likely  reduce 
the  overall  corrosion  and  visual  inspection  would  facilitate 
removal  of  pitted  chambers  from  service.  Second,  if  cracks  of 
05  to  50  percent  of  the  dome  thickness  can  exist  before  failure, 
then  it  should  be  possible  to  develop  an  NDE  technique  to 
inspect  the  chambers. 


Cleaning  would  likely  reduce 
inspection  would  facilitate 
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Table  i 

of  3reecn  Chamber  Dome  Interior  Surfaces  (uncleaneb) 


Chamoer 
No.  Color 


1  Grey-green 

2  Grey-green 


2  Grey-green 

3  Green-blue 

4  Reo-orange 


_ Heavy  Scale _ 

-overage  Location 


5 

Black 

70 

6 

Grey-yellow 

50 

7 

Grey-yel low 
Grey-brown 

50 

8 

Brown 

35 

9 

Grey- brown 

55 

10 

Grey 

40 

11 

Grey 

30 

12 

Yellow-black 

50 

13 

— 

0 

14 

Grey 

30 

15 

Grey 

5 

16 

Grey-black 

50 

17 

Brown 

15 

18 

Grey 

20 

19 

Black 

3 

20 

Black 

15 

21 

Grey-bl ack 

25 

22 

Grey 

20 

23 

Brown 

15 

24 

Black 

70 

25 

Brown 

10 

confined  to  knuckle  region 
benind  exhaust  port 


area  opposite  exhaust  port 
not  covered 


1/2  dome  opposite  exhaust 
port  not  covered 


area  opposite  exhaust  port 
not  covered 


covered 


around  exhaust  port 

in  knuckle  region  behind 
exhaust  port 

in  plated  area  and  a  patch 
opposite  exnaust  port 

around  exhaust  port 

only  on  one  side  of  exhaust 
port 

in  knuckle  region  behind 
exnaust  port 

only  on  one  side  of  exhaust 
port 


around  exhaust  port 

only  on  one  side  of  exhaust 
port 


middle  domed  portion  not 
covered 


scattered  patcnes  aver  entire 
dome 


_ Rust 

Liont  Heavy 


on  plated  area  and  also  encir¬ 
cles  Chamber  in  knuckle  region 

on  plated  area 

on  plated  area 


on  either  side  of  exhaust  port 
area  opposite  exhaust  port  not 


%  Coverage 
80 
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Corrosion 


Major 


Corrosion 


Major 


roduct  No. 

Compounds  Present 

Peak 

Product  No. 

Compounds  Present 

Peak 

4 

Fe20^,  FeOOH 

18 

Fe3C^,  Fe203.  KCl 

FeaOA 

5 

Fe203.  >CC1  .  FeOOH 

■  ^2*^3 

18A 

Fe304,  Fe203,  KCl 

'«3°4 

6 

KCl,  Fe^O^.  Fe203 

KCl 

’9 

Fe304,  Fe203,  KCl 

FCoOa 

7 

Fe203.  KCl,  Fe30^ 

19A 

Fe304,  Fe203,  KCl 

'®3°4 

7A 

KCl,  Fe203.  Fe30^ 

KCl 

20 

KCl,  Fe304,  Fe203 

KCl 

8 

KCl,  ^030^,  Fe203 

KCl 

2CA 

Fe203,  Fe30^,  KCl 

Fe203 

8A 

KCl,  1^630^,  Fe2C3 

KCl 

21 

KCl,  Fe304 

KCl 

9 

KCl,  ^630^,  Fe203 

KCl 

2'.' 

IFCI.  Fe304 

KCl 

9A 

KCl ,  ^6304.  ^^2^3 

KCl 

22 

Fe203,  Fe304,  FeOOH 

Fe303 

10 

KCl,  ^636^,  Fe20-^ 

KC’ 

22  A 

Fe303,  Fe304,  FeOOH 

Fe303 

lOA 

KCl,  ^*3^41  ^®2'^3 

KCl 

23 

^^3°4*  ^®2°3 

'^3°4 

n 

Fe203,  Fe304 

‘^'’^3 

:3A 

^"3°4>  ^"2°3 

^"304 

llA 

Fe30^,  Fe203 

Fe304 

24 

KCl,  Fe304,  Fe,03 

KCl 

12 

KCl,  Fe30^, 

KCl 

2AA 

Fe303 ,  KCl .  Fe304 

^«2°3 

12A 

Fe304,  Fe203,  KCl 

^53.4 

•>C. 

V 

Quartz,  Fe,0, 

•J  4 

Quartz 

13 

Fe30^,  FeOOH 

14 

KCl,  Fe30^,  FeT03 

KCl 

14A 

KCl ,  ^6303,  FcjO^ 

KCl 

15 

Fe203,  ^630^,  KCl 

Fe,0., 

C  J 

15A 

Fe304,  ^6303,  KCl 

'"a^A 

16 

KCl,  ^€303,  Fe30_j 

tC : 

16A 

KCl ,  ^6303 . 

KC: 

17 

Fe30^,  ^6303,  KCl 

■•e.O, 

17A 

Fe,0..  Fe.O,.  KCl 

J  ••  t  j 

‘^3^A 
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Table  111 

CoridUion  of  Breech  Chamber  Dome  Interior  Surfaces  (cleaned) 


Chamber 

No. 


Severi ty 


Location 


Electroless  Nicicel  Plating 


Present 


Location 


1  Small  shallow  pits 

2  Small  shallow  pits 

Large  deep  pits 

3  Small  shallow  pits 

Large  deep  pits 

4  None 

5  Shallow  pits 
Large  deep  pits 

6  Large  deep  pits 

7  Small  shallow  pits 


Dome  center 

Entire  surface 
Near  exhaust  hole 

Entire  surface 
Near  exhaust  port 


Across  dome  center 
At  uome  center  &  around 
exhaust  hole 

Around  exhaust  port 
Dome  center 


Tes 

No 

No 

Yes 

No 

Yes 

No 


1  . 
r. 

Large  deep  pits 

To  left  of  exhaust  port 

Jr 

8 

Large  deep  pits 

Around  exhaust  hole 

No 

y 

9 

Large  deep  pits 

Entire  surface 

Yes 

c. 

' 

’  •» 

10 

Large  deep  pits 

Isolated  pits 

Knuckle  region  behind 
exhaust  port 

Over  entire  surface 

Yes 

r: 

r, 

11 

Small  Shallow  pits 
Large  deep  pits 

Covered  1/2  of  dome 

Near  exhaust  hole 

No 

i 

12 

Isolated  shal low  pi ts 
Large  deep  pits 

Over  surface 

Near  exnaust  hole 

No 

13 

None 

--- 

Yes 

V- 

• 

14 

Shallow  small  pits 

Entire  surface 

No 

> 

15 

Isolated  pits 

Knuckle  region 

Yes 

1 

V 

> 

16 

Large  deep  isolated 
pus 

Around  exhaust  hole 

No 

> 

17 

Large  deep  pits 

Entire  surface 

No 

f.' 

r. 

18 

Shallow  pits 

Isolated  deep  pits 

Entire  surface 

At  dome  center 

No 

i 

19 

Isolated  small  pits 

Over  entire  surface 

No 

!•. 

r. 

:o 

Iso  la  tea  small  pus 

Over  entire  surface 

Yes 

r, 

f. 

:i 

None 

No 

22 

Large  deep  lUs 

Sha  1  low  pus 

Across  dome  center 
£1 sewnere 

No 

1 

k* 

23 

Large  deep  pits 

Sha  r ow  pUs 

Around  exnaust  hole 
£1 sewnere 

No 

k’ 

V* 

24 

Shallow  pits 

Dome  center 

No 

V' 

/ 

V 

L* 

*• 

"'C 

«• 

None 

3  46 

No 

Isolated  patcnes  between 
exhaust  hole  4  knuckle  region 


Circular  patch  around 
exhaust  hole 


Small  patches  near  exhaust 
hole 


Large  patch  covers  1/3  of 
dome  left  of  exnaust  hole 

Small  patches  to  left  of 
exhaust  hole 


Large  patch  surrounding 
exhaust  hole 


Large  patch  at  dome  center 


•r.  y , 
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Table  IV 

Classification  of  Breech  Chamber  Dome  Failures 


Origin  at 

Across 

or  near 

Includes 

Inital 

Initial 

Chamber 

Dome 

Exhaust 

Exhaust 

Total 

Haw 

Flaw 

No. 

Ruotured 

Apex 

Port  ye  Id 

Port 

Separation 

Detected 

Location 

1 

Yes 

— 

X 

— 

Yes 

No 

2 

Yes 

X 

— 

— 

No 

No 

3 

A 

Yes 

No 

Yes 

No 

Yes 

— - 

X 

— 

No 

No 

— 

H 

5 

C 

... 

X 

Yes 

No 

0 

7 

8 

9 

— 

No 

Yes 

3/4"  crack  in 
knuckle  opposite 
exnaust  port 

No 

Yes 

X 

•  •• 

No 

No 

10 

Yes 

X 

Yes 

Yes 

1/3’’  semi  • 
elliptical  crack 
adjacent  to 
exnaust  port 

11 

Yes 

X 

... 

No 

No 

... 

.  ’2 

Yes 

X 

— 

No 

No 

... 

13 

Yes 

X 

No 

No 

— - 

U 

Yes 

X 

No 

No 

15 

Yes 

X 

No 

No 

... 

16 

No 

17 

Yes 

X 

No 

No 

... 

18 

Yes 

X 

No 

No 

... 

19 

Yes 

X 

No 

No 

20 

Yes 

X 

Yes 

Yes 

1/2"  semi- 

ellibtical  crac'< 
opposite  exnaust 
onrr 


Failure  History 

No .  of 
Samples 

Minimum 

(inch) 

Maximum 

(inch) 

Typical 

(inch) 

1st  cycle,  4300  psi 
at  we  la 

2 

0.  009 

0.  065 

0. 055-0.060 

1st  cycle,  4100  psi 
at  weld 

3 

0.020 

0.  047 

0.035-0.040 

1st  cycle  ,  4  920  psi 
at  weld 

1 

0.043 

0.072 

0.045-0.060 

No  failures,  circular 
yield  marks  in  knuckle 

3 

0.082 

0.  092 

0. 086-0.088 

1st  cycle,  3810  psi 

3/4  in.  through-crack 

3 

0.086 

0.093 

0.086-0.091 

1st  cycle,  4940  psi 
across  done  apex 

2 

0.077 

0.105 

0. 090-0.095 

3rd  cycle,  5140  psi 
at  wel d 

3 

0.083 

0.  095 

0.087-0.092 

1st  cycle,  4900  psi 
at  weld 

3 

0.082 

0.  095 

0. 089-0. 093 

] st  cycle ,  4580  psi 
includes  exhaust  port: 

3 

0.051 

0.091 

0.075-0.085 

1st  cycle,  4480  psi 
includes  exhaust  port 

3 

0.  047 

0.079 

0. 060-0. 075 

1st  cycle,  5100  psi 
across  dome  apex 

2 

0.073 

0.091 

0. 085-0. 090 

1st  cycle,  5100  psi 
across  dome  apex 

2 

0.075 

0.090 

0. 060-0.088 

1st  cycle,  4660  psi 
at  weld 

3 

0.080 

0.088 

0.083-0.086 

5  4  8 


Table  VI 


Pressures  st  the  First  Field  sod  First  Crsck  Rxtensioo  with 
Differeot  Sizes  of  Partly  Spherical  Cavity  (PSC) 
or  Seai-Blliptic  Crack  (SBC) 


Model  Tbickness  Cavity  or  Crack  Pressures 

_ Cin.  j _ Size  (c/T  x  a/T) - L^siJ - 


2 

0.09 

No  crack  or  cavity 

2724, 

6216 

4 

0. 10 

No  crack  or  cavity 

2796, 

6816 

6 

0.09 

PSC 

(0.25  X  0.20) 

1032, 

5004 

7 

0.077- 

0.0916 

Randoa  variation  in 
thickness 

1968, 

5976 

8 

0.063- 

0.094 

Bandoa  variation  in 
thickness 

1920, 

5820 

10 

0.06-0.09 

Oiscont.  variation 
in  thickness 

1596, 

3929 

11 

0.08 

PSC 

(0.62  X  0.62) 

492, 

4320 

12 

0.08 

PSC 

(0.78  X  0.62) 

492, 

4296 

13 

0.08 

SBC 

(0.69  X  0.12) 

420, 

4104 

14 

0.08 

SBC 

(0.69  X  0.12) 

420, 

2100 

15 

0.08 

SBC 

(1.00  X  0.12) 

48,  948 

16 

0.08 

SBC 

(1.00  X  0.24) 

276, 

1224 

17 

0.08 

SBC 

(1.00  X  0.36) 

528, 

2424 

18 

0.08 

SBC 

(1.00  X  0.50) 

480, 

3072 

19 

0.08 

SBC 

(1.50  X  0.12) 

24,  624 

20 

0.08 

SBC 

(1.50  X  0.24) 

120, 

1032 

21 

0.08 

SBC 

(1.5  X  0.36) 

240, 

1224 

22 

0.08 

SBC 

(1.5  X  0.50) 

264, 

1200 

k  When  the  average  stress  in  any  eleaent  reaches  yield  stress 
or  ultiaate  stress. 

Note:  The  first  nuaber  under  pressure  coluan  is  for  the  yield, 

while  the  second  nuaber  is  for  crack  extension. 
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Figure  10 
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1.  A  STUDY  OF  PREMATURE  FAILURES  OF  INSTALLED  AVIONICS,  ELECTRICAL  EQUIPMENT, 
AND  SYSTEMS  EXPERIENCED  IN  U.S.  NAVY  OPERATIONAL  AIRCRAFT  IN  THE  I960'S  AND 
EARLY  1970 'S  WAS  REPORTED  IN  REFERENCE  (1).  THESE  FAILURES  WERE  CAUSED  KY 
CORROSION,  WATER  INTRUSION  AND  OTHER  CONTAMINATINC  ACENTS .  IN  ORDER  TO  REVERSE 
THIS  TREND,  THE  COMMANDERS  NAVAL  AIR  FORCES,  U.S.  ATLANTIC  AND  PACIFIC  FLEETS 
(COMNAVAIRLANT)  ( COMNAVAIRPAC)  REQUESTED  THAT  CO><MANDER .  NAVAL  AIR  SYSTEMS 
COMMAND  (COMNAVAIRSYSCOM)  DEVELOP  A  CORROSION  PREVENTION  AND  CONTROL  PROGRAM 
FOR  AVIONICS,  ELECTRICAL  AND  INSTALLED  SYSTEMS  USED  IN  NAVAL  AIRCRAFT. 
COMNAVAIRSYSCOM  TASKED  THE  NAV.AL  AIR  DEVELOPMENT  CENTER  ( NAVAI RDEVCEN)  TO 
DEVELOP  THE  PROGRAM  TOGETHER  WITH  A  TECHNICAL  MANUAL.  A  CONFERENCE  WITH  ALL 
INTERESTED  PARTIES  WAS  HELD  IN  1975  AND  ACTION  INITIATED  TO  DEVELOP  THE 
PROGRAM  AND  TECHNICAL  MANUAL  FOP,  USE  BY  THE  FLEET  TECHNICIANS. 

2.  A  REVIEW  WAS  CONDUCTED  TO  ASSESS  THE  OVERALL  PROBLEM. 

A.  HOW  TO  CLEAN  AVIONICS,  REMOVE  CORROSION,  RESTORE  PROTECTIVE  FINISHES; 
WHAT  CORROSION  PREVENTIVES  COULD  BE  USED  ON  AVIONICS  WITHOUT  DEGRADING  PERFOR¬ 
MANCE  OF  THE  EQUIPMENT;  HOW  TO  RECLAIM  EQUIPMENT  THAT  HAD  BEEN  EXPOSED  TO 
CORROSIVE  AGENTS.  EACH  ISSUE  REQUIRED  ANSWERS. 

B.  THE  AGENTS  CAUSING  CORROSION  WERE  IDENTIFIED,  I.E.,  SALT  WATER,  SEA 
ENVIRONMENT  WITH  100%  HUMIDITY,  MAINTENANCE  CHEMICALS,  STACK  GASES,  HIGH 
TEMPERATURE,  CYCLIC  TEMPERATURES,  MOISTURE,  GALVANIC  ACTION  IN  THF  OPERATING 
ENVIRONMENT  BETWEEN  DISSIMILAR  MATERIALS,  MICROBIAL,  INSECT,  BACTERIA,  FUNGI 
PRODUCING  ENVIRONMENT,  ETC. 

C.  METALLIC 

WHAT  KINDS  OF  CORROSION  CAN  WE  EXPECI  10  SEE?  (SEE  FIGURE  1-10.) 

(1)  UNIFORM  SURFACE  ATTACK 

(2)  GALVANIC 

(3)  PITTING 

(4)  CREVICE  (CONCENTRATED  CELL) 

(3)  INTERCRANNULAR 

(6)  STRESS 


V ' 
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(7)  EXFOLIATION 

(8)  EROSION 


IS)  WHAT  DOES  IT  LOOK  LIKE?  (SEE  ENCLOSURE  (1).) 


D.  NON-METALLIC  DETERIORATION 

(1)  MECHANICAL  FAILURE 

(2)  CRACKING 


i  7  0 
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(3)  SWELLING 


3.  THE  RESULTS  OF  CORROSION  OR  CONTAMINATION  CAN  CAUSE  FAILURE  OF  THE  EQUIP¬ 
MENT  OR  UNDESIRABLE  ALTERATION  OF  ITS  ELECTRICAL  CHARACTERISTICS.  THE  LJST  OF 
ALL  TYPES  OF  MATERIAL  USED  IN  AVIONICS  WOULD  BE  EXTENSIVE;  MOST  HAVE  AN  ABIL¬ 
ITY  TO  FUNCTION  WELL  INDIVIDUALLY  AND  WOULD  LAST  THE  LIFE  OF  THE  COMPONENT. 
HOWEVER,  THE  SYNERGISTIC  EFFECT  WHEN  DISSIMILAR  MATERIALS  ARE  EXPOSED  TO  A 
CORROSIVE  ENVIRONMENT  IS  OFTEN  CORROSION. 

A.  SPECIAL  CONSIDERATION.  THE  CONTROL  OF  CORROSION  IN  AVIONIC  SYSTEMS  IS 
NOT  UNLIKE  THAT  IN  AIRFRAMES,  WI'TH  PROCEDURES  USEFUL  FOR  AIRFRAMES  BEING 
APPLICABLE  TO  AVIONICS,  WITH  APPROPRIATE  MODIFICATIONS.  THE  GENERAL  DIFFER¬ 
ENCES  IN  CONSTRUCTION  AND  PROCEDURES  BETWEEN  AIRFRAME  AND  AVIONICS  RELATIVE  TO 
CORROSION  CONTROL  ARE  AS  FOLLOWS; 

(1)  LESS  DURABLE  PROTECTION  SYSTEM. 

(2)  VERY  SMALL  AMOUNTS  OF  AVIONICS  CORROSION  CAN  MAKE  EQUIPMENT 
INOPERATIVE,  AS  COMPARED  TO  AIRFRAMES. 

(3)  DISSIMILAR  METALS  ARE  OFTEN  IN  ELECTRICAL  CONTACT. 

(4)  STRAY  CURRENTS  CAN  CAUSE  CORROSION. 

(5)  ACTIVE  METALS  AND  DISSIMILAR  METALS  IN  CONTACT  ARE  OFTEN  UNPRO- 

TFCTED. 

(6)  CLOSED  BOXES  CAN  PRODUCE  CONDENSATION  DURING  NORMAL  TEMPERATURE 
CHANGES  DURING  FLIGHT. 

(7)  AVIONIC  SYSTEMS  HAVE  MANY  AREAS  TO  TRAP  MOISTURE. 

(8)  HIDDEN  CORROSION  IS  DIFFICULT  TO  DETECT  IN  MANY  AVIONIC  SYSTEMS. 

(9)  MANY  MATERIALS  USED  IN  AVIONIC  SYSTEMS  ARE  SUBJECT  TO  ATTACK  BY 
BACTERIA  AND  FUNGI . 

(10)  ORGANIC  MATERIALS  ARE  OFTEN  USED  WHICH,  WHEN  OVERHEATED  OR 
IMPROPERLY  OR  INCOMPLETELY  CURED,  CAN  PRODUCE  VAPORS  WHICH  ARE  CORROSIVE  TO 
ELECTRONIC  COMPONENTS  AND  DAMAGING  TO  COATINGS  AND  INSULATORS. 

B.  INVESTIGATION  REVEALED  A  SECOND  SPECIAL  CONSIDERATION  WAS  MICROBIAL, 
FUNGI,  INSECTS  AND  ANIMALS  CAUSING  CORROSION  IN  AVIONICS.  (SEE  ENCLOSURE  (2).) 

(1)  MICROBIAL,  INSECT  AND  ANIMAL  ATTACK 

(A)  GENERAL.  MICROBIAL  ATTACK  (WHICH  INCLUDES  MOLD,  BACTERIA  AND 
FUNGI)  CREATES  BYPRODUCTS  THAT  WILL  CAUSE  CORROSION.  MODERN  AVIONIC  EQUIP¬ 
MENTS,  BECAUSE  OF  THEIR  COMPLEXITY,  DENSE  PACKAGING  AND  HIGHER  SENSITIVITY. 

ARE  MORE  SUSCEPTIBLE  TO  DAMAGE  FROM  MICROBIAL  ATTACK  THAN  EARLIER  SYSTEMS. 
MOLDS,  BACTERIA  AND  FUNGI  ARE  LIVING  MEMBERS  OF  THE  PLANT  WORLD  AND,  IN  MOST 
CASES,  MUST  HAVE  WATER  TO  LIVE.  THE  ORGANISMS  CAUSING  THE  GREATER  CORROSION 
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PROBLEMS  ARE  BACTERIA  AND  FUNGI.  IN  ADDITION  TO  MICROBIAL  ATTACK,  AV I  ON  1  ( 
EQUIPMENT  IS  SUS(,EPTI BLE  TO  INSECT  AND  ANIMAL  DAMAGE  WHICH  CAN  RESULT  IN 
CORROSION. 


(B)  BACTERIA.  BACTERIA  MAY  BE  EITHER  AEROBIC  OR  ANAEROBIC. 

AEROBIC  BACTERIA  REQUIRE  OXYGEN  TO  LIVE.  OXYGEN  CAN  ACCELERATE  A  CORROSTON 
ATMOSPHERE  BY  OXIDIZING  SULFUR  TO  PRODUCE  SULFURIC  ACID  OR  BY  OXIDIZING 
AMMONIA  TO  PRODUCE  NITRIC  ACID.  BACTERIA  LIVING  ADJACENT  TO  METALS  WILL 
PROMOTE  CORROSION  BY  DEPLETING  THE  OXYGEN  SUPPLY  OR  BY  RELEASING  METABOLIC 
PRODUCTS.  ANAEROBIC  BACTERIA,  ON  THE  OTHER  ILAND,  CAN  SURVIVE  ONLY  WHEN  FREE 
OXYGEN  IS  NOT  PRESENT.  THE  METABOLISM  OF  THESE  BACTERIA  REQUIRES  THEM  TO 
OBTAIN  PART  OF  THEIR  SUSTENANCE  BY  OXIDIZING  INORGANIC  COMPOUNDS  SUCH  AS  IRON, 
SULFUR,  HYDROGEN  AND  NITROGEN.  THE  RESULTANT  CHEMICAL  REACTION  CAUSES  CORRO¬ 
SION.  BECAUSE  OF  THE  ACIDIC  NATURE  OF  BACTERIAL  MICROORGANISMS,  METALS  ARE 
SUSCEPTIBLE  TO  MICROBIAL  ATTACK.  MINOR  SURFACE  CONTAMINATION  CAN  BE  ACCEL¬ 
ERATED  INTO  A  MAJOR  CORROSION  PROBLEM  BY  LOCAL  BACTERIAL  CORROSION  CELLS,  OR 
BY  ADDITIONAL  ACIDS  LIBERATED  BY  THE  BACTERIA. 

(C)  FUNGUS.  FUNGUS  IS  A  MICROORGANISM  GROWTH  THAT  FEEDS  ON 
ORGANIC  MATERIALS  AND  GENERALLY  TAKES  THE  FORM  OF  MOLDS,  RUSTS,  MILDEWS  AND 
SMUTS.  FUNGAL  GROWTH  REQUIRES  SPECIFIC  ENVIRONMENTS  AND  NUTRIENTS  FOR 
SURVIVAL.  FUNGI  ARE  COMMONLY  FOUND  IN  THE  FOLLOWING  COLORS: 

BLACK 

YELLOW 

GREEN 

BLUE-GREEN 

(D)  FUNGI-PRODUCING  ENVIRONMENTS.  WHILE  l.OW  HUMIDITY  DOES  NUT 
KILL  THE  FUNGI  MICROBES,  IT  SLOWS  THEIR  i.ROWTH .  IDEAL  GROWTH  CONDITIONS  FI'R 
MOST  FUNGI  MICROBES  ARE  TEMPERATiRES  BF.IWEEN  BS^^F  (20^0  AND  lOAOp  (40°C)  AND 
A  RELATIVE  HUMIDITY  BETWEEN  85  AND  1007,.  IT  WAS  FORMERLY  THOUGHT  THAT  FUNGI 
ATTACK  COULD  BE  PREVENTED  BY  APPLYING  MOISTURE-PROOF  COATINGS  TO  NUTRIENT 
MATERIAL  OR  BY  DRYING  THE  INTERIOR  OF  COMPARTMENTS  WITH  DESSICANTS.  IT  WAS 
NOT  KNOWN  THAT  SOME  MICROORGANISMS  REMAIN  IN  SPORE  FORM  FOR  LONG  PERIODS,  EVEN 
UNDER  EXTREMELY  DRY  CONDITIONS.  FURTHERMORE,  ELECTRICAL  INSULATING  VARNISHES 
AND  SOME  MOISTURE-PROOFING  COATINGS  ARE  ATTACKED  BY  MOLD,  BACTERIA,  OR  OTHER 
MICROBES,  ESPECIALLY  IF  THE  SURFACES  ON  WHICH  THEY  ARE  USED  ARE  CONTAMINATED. 
DIRT,  DUST  AND  OTHER  AIRBORNE  CONTAMINANTS  ARE  THE  LEAST  RECOGNIZED  CONTRIB¬ 
UTORS  TO  MICROBIAL  ATTACK.  EVEN  .SMALL  AMOUNTS  OF  AIRBORNE  DEBRIS  CAN  BE 
SUFFICIENT  TO  PROMOTE  FUNGAL  GROWTH. 

(E)  FUNGI  NUTRIENTS.  IT  HAS  LONG  BEEN  THOUGHT  THAT  MATERIALS  •'■c.'CH 
AS  WOOL,  COTTON,  ROPE,  FEATHER  AND  LEATHER  R’ERE  THE  ONLY  MATERIALS  KNOUN  TO 
PROVIDE  SUSTENANCE  FOR  FUNGI  MICROBES.  THE  INCREASING  COMPLEXITY  OF  SYI'THFTiC 
MATERIAL  MAKES  11  DIFFICULT  OR  IMPOSSIBLE  TO  DETERMINE  FROM  THE  N.'^ME  ALONE 
WHETHER  A  MATERIAL  WILL  SUPPORT  THE  GROWTH  OF  FUNGUS.  MANY  CTHERVISF  RESIS¬ 
TANT  SYNTHETICS  ARE  RENDERED  SUSCEPTIBLE  FOR  FUNGI  ATTACK  BY  THE  APPLI CA'”] ON 
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OF  A  PLASTICIZER  OT<  HARLEKER.  THE  SERVICE  LIFE,  SIZE,  SHAPE,  SURFACE  SMOOTH¬ 
NESS  AND  CLEANLINESS  OF  THE  EQUIPMENT,  ITS  ENVIRONMENT  AND  THE  TYPE  OF  I'lINGl 
MICROORGANISM  INVOLVED  ALL  DETERMINE  THE  DEGREE  OF  FUNGAL  ATTACK. 


(F)  DA.’'1AGL  .  D.JJLAGE  RESULTING  FROM  MICROBIAL  ATTACK  CAN  OCCUR  WHEN 
ANY  OF  THREE  BASIC  MECHANISMS  OR  A  COMBINATION  OF  MECHANISMS  IS  BROUGHT  INTO 
PLAY:  FUNGI  ARE  DAMP  AND  HAVE  A  TENDENCY  TO  HOLD  MOISTURE,  WHICH  CONTRIBUTES 
TO  OTHER  FORMS  OF  CORROSION;  BECAUSE  FUNGx  ARE  LIVING  ORGANISMS,  THEY  NEED 
FOOD  TO  SURVIVE.  THE  FOOD  IS  OBTAINED  FROM  THE  MATERIAL  ON  WHICH  THE  FUNGI 
ARE  GROWING;  THESE  MICROORGANISMS  SECRETE  CORROSIVE  FLUIDS  THAT  ATTACK  MANY 
MATERIALS,  INCLUDING  SOME  THAT  ARE  NOT  FUNGI  NUTRIENT.  OPTICAL  DEVICES  CAN 
ALSO  BE  DAMAGED  BY  MICROORGANISMS.  LENS  COATI.NGS  ARE  EXTREMELY  SUSCEPTIBLE  TO 
FUNGAL  ATTACK  UYuCH  WILL  TAKE  ANY  OF  THREE  FORMS;  A  SPIDERWEB,  A  FLAT  STAR¬ 
FISH  SHAPE  WHICH  LEAVES  A  MILKY  STAIN.  OR  MINUTE  CIRCULAR  SPOTS  THAT  ETCH  THE 
GLASS.  UNDER  PROPER  ATMOSPHERIC  CONDIIIONS,  FUNGI  CAN  GROW  ON  ALMOST  ANY 
SURFACE.  (  c-v  rTr.:-'.."  T 


(G)  CORROSION  CAUSED  BY  INSECTS  AND  ANIMALS.  DAMAGE  TO  AVIONICS 
EQUIPMENT  CAN  BE  CAUSED  BY  SF!ALL  INSECTS  AND  ANIMALS,  ESPECIALLY  IN  TROPICAL 
ENVIRONMENTS.  EQUIPMENT  IN  STORAGE  IS  SUSCEPTIBLE  TO  THIS  TYPE  OF  ATTACK, 
SINCE  INSECTS  AND  SMAi^L  ANIMALS  MAY  ENTER  THROUGH  VENT  HOLES  OR  TEARS  IN 
PACKAGING.  IN  SOME  CASES,  INSECTS  HAVE  ENTERED  SMALL  OPENINGS,  PITOT  LINES 
AND  AIR  VENTS  IN  AIUCRyiFT,  CAUSING  BLOCKAGE.  IN  THE  CASE  OP  PACKAGED  EQUIP¬ 
MENT,  THEY  MAY  BUILD  NESTS  WHICH  TEND  TO  ABSORB  MOISTURE.  THIS  MOISTURE,  PLUS 
EXCRETIONS  AND  SALTS  FROM  THE  INSECTS  AND  ANIMALS,  CAN  CAUSE  CORROSION  AND 
DETERIORATION  THAT  CO  UNNOTICED  UNTIL  THE  EQUIPMENT  OR  SYSTEM  IS  PUT  TO  USE 
AND  FAILS.  ANOTHER  TYPE  OF  DAFIAGE  CAN  OCCUR  WHEN  ELECTRICAL  INSULATION, 
VARNISHES  AND  CIRCUIT  BOARD  COATINGS  BECOME  FOOD  FOR  IMSECTS.  ONCE  BARE  WIRES 
OR  CIRCUIT  COMPONENTS  ARE  EXPOSED,  MORE  AREAS  BECOME  AVAILABI.E  FOR  CORROSION 
AND  SHORTING  TO  OCCUR.  (SEE  ENCLOSURE  (3).) 


D.  DESIGN,  PACKAGING  AND  LOCATION  OF  AVIONICS  IN  AIRCRAFT.  PRIME  CON¬ 
TRACTOR  AIRCRAFT  MANUFACTURERS  Al.LOC.ATE  SPACE  INSIDE  AIRCRAFT  FOR  AVIONICS 
EQUIPMENT,  AND  PROCURE  AVIONICS  FROM  SUBCONTRACTORS.  THE  SUBCONTRACTOR 
DESIGNS  THE  EQUIPMENT  TO  MEET  ALLOCATED  SPACE  AND  PERFORFIANCE  STANDARDS 
PROVIDED  BY  THE  PRIME  CONTRA.CTUR .  THE  EQl  .  FHENT  MAY  REQUIRE  VENTED  COOl.ING  OR 
IHE  EQUIPMENT  MAY  BE  PLACED  IN  THE  AIRCRAFT  IN  AN  AREA  SUSCEPTIBLE  TO  WATER 
LEAKS  THROUGH  AIRFRAMES,  RESULTING  IN  WATER  INTRUSION  AND  EQUIPMENT  FAILURE. 


(1)  REQUIREMENT.  EACH  UNIT  OF  AVIONICS  EQUIPMENT  MUST  BE  DESIGNED  TO 
STAND  ON  ITS  OWN  IN  THE  OPERATING  ENVIRONMENT  AND  TO  BE  RESISTANT  TO  WATER 
INTRUSION,  MOISTURE,  ELECTROMAGNETIC  INTERFERENCE  (EMI)  AND  CORROSION. 


(A)  LIDS  SHOULD  BE  SHOE  BOX  TYPE. 


(B)  FASTENERS  SHCULD  BE  I.OCATED  IN  VERTICAL  WALI.S  dl'  HIE  BOX  VlCIi 


UN  THE  1,11). 


(C)  COOLING  AND  VENTING  SHOULD  BE  DESIGNED  TO  ENSURE  TEAT  WATER 
CANNOT  ENTER  THROUGH  COOLING  OR  'entING  DUCT  HOLES. 
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(D)  CABl.ES  CONNECTING  SYSTEM  TO  BOXES  MUST  HAVE  DRIP  LOOPS. 

(E)  AVIONICS  MANUFACTURERS  MUST  GET  FEEDBACK  INFORMAION  ON  RELI- 

I  ABILITY  OF  EQUIPMENT, 

(F':  FI.ECTKICAL  CiRINECTORS  MUST  BE  PROTECTED  FROM  THE  ENVIRONMENT. 

I  4.  LESSONS  (>F  THE  FOREGOING  SHt'RT  HISTORY  AND  FINDINGS  OF  THE  ASSESSMENT  HAVE 

I  BEEN  APPLIED  AND  HAVE  RESULTED  IN  THE  DEVELOPMENT  OF  A  VERY  SUCCESSFUL 

’  AVIONICS  AND  ELFCTRIG.AL  CORROSION  PREVENTION  AND  CONTROL  PROGRAM  BEING  CON- 

I  DUCTED  THROUGH  THE  L. S.  NAVY. 

i  5.  WE  WILI.  NOW  GO  THROUGH  A  STANDARD  MAINTENANCE  CYCLE  OF  A  FAILED  COMPO- 

‘  NENT.  A  FAILED  COMPONENT  IS  REMOVED  FROM  THE  AIRCRAFT  AND  INDUCTED  INTO  THE 

!  SECOND  LEVEL  OF  MAINTENANCE,  THE  AIRCRAFT  INTERMEDIATE  MAINTENANCE  DEPARTMENT 

I  (AIMD),  TO  DETERMINE  AND  CORRECT  THE  PROBLEM  IN  THE  FAILED  EQUIPMENT.  THE 

EQUIPMENT  IS  OPENED  AND  VISUALLY  INSPECTED  FOR  CORROSION  OR  CONTAMINANTS.  IF 
!  CORROSION  IS  DETECTED,  THE  EQUIPMENT  IS  FORWARDED  TO  THE  CLEANING  AND  CORRO- 

I  SION  WORK  CENTERS  OR  SHOPS.  THE  EQUIPMENT  IS  DISASSEMBLED  BY  A  TRAINED 

j  TECHNICIAN,  THE  CORROSION  IS  REMOVED  BY  MINIATURE  GRINDING  TOOLS,  SIMPLE 

J  ERASER,  MINIATURE  GRIT  BLASTER,  OR  HAND  POLISHER.  THE  Mll.DEST  METHOD  IS 

I  AT.WAYS  USED.  CFNFRAt  CLEANINC';  THE  COMPONENTS  ARE  MADE  READY  TO  ENSURE  WATER 

I  OR  CLEANING  AGENT  DOES  NOT  DAM.AGE  INTERNAL  COMPONENTS.  (SEE  ENCLOSURE  (4).) 

[  THE  COMPONENT  IS  THEN  WATER  WASHED,  USING  A  DF.TERCENT/WATER  MIX  OF  NINE  PARTS 

;  water  TO  ONE  PART  DETERGENT.  DETERGENTS  USED  ARE  UNDER  M 11, -S PECI F I  CATION 

i  MIL-D-16:’91  (NONIONIO  OR  MIL-C-43616  WITH  A  16  TO  ONE  MIX,  WITH  A  pH  ENTER 

I  TEN,  THE  CLEAN  COMPONENTS  ARE  THEN  PLACED  !N  A  DRYING  OVEN  AND  DRIED  AT  130^F 

I  (540c)  WHERE  THE  DRYING  TIME  IS  DEPENDENT  ON  THE  COMPLEXITY  OF  THE  EQUIPMENT 

j  OR  COMPONENT  BEING  DRTED--NORMAI LY  THREE  TO  FOUR  HOURS  ARE  REQUIRED.  A  HOT 

AIR  GUN  MAY  ALSO  BE  USED  FOR  SPOT  DRYING.  ENCLOSURE  (5)  CONTAINS  BASIC 
;  AVIONICS  CLEANING  REQUIREMENTS,  A  LIST  OF  CLEANING  CHEMICALS,  RECOMMENDED 

[  CLEANING  PROCESSES,  AND  CLEANING  AND  DRYING  RESTRICTIONS.  (SEE  FICURF.  13-17.) 

i' 

A.  SOME  COMPONENT  BOXES,  CHASSIS,  METAL  COMPONENTS  MAY  EE  CLEANED  USING 
I  THE  ULTRASONIC  CLEANING  METHOD  W:TH  SOLVENT,  I.E.,  TR ICHORTR 1 FI.UORETHANE , 

M1L-C~81302.  CARE  MUST  BE  TAKEN  NOT  TO  EXPOSE  THE  TECHNICIAN  TO  THIS  MATE¬ 
RIAL,  AS  THE  MATERIAL  WILL  REMOVT.  OII.S  FR('M  THE  B('I)Y  EXPOSED  To  A  SOLVENT 
VAPOR  AND  DISPLACES  OXYGEN.  THIS  MATERIAL  SHOULD  ALWAYS  BE  USED  IN  SMALL 
AMOUNTS  IN  A  WELL  VENTILATED  AREA.  FACE  SHIELD,  RUBBER  CIOVF.S  AND  COVERALLS 
SHOULD  BE  USED  WHEN  ULTARSONIC  CLEANING  IS  CONDUCTED.  AN  ADVANTAGE  TO  I'LTRA- 
1  SONIC  CLEANING  IS  DRYING  TIME,  WHICH  IS  REDUCED  TO  BETWEEN  I'  SECONDS  AND 
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THREE  MINUTES.  A  DI SAnVANTAC:E  Tl)  ULTRASONIC  CLEANING  IS  THAT  SOME  FREQUENCIES 


IN  THE  CLEANING  UNiT  CAN  DAMAGE  SOME  CIRCUITS  AND  COMPONENTS.  THEREFORE, 
COMPONENTS  TO  BE  ULTRASON I CALLY  CLEANED  MUST  BE  IDENTIFIED  BY  ENGINEERING 
AUTHORITY. 

B.  HAND  CI,LAN-NC  WITH  MIL-C-81302  CAN  BE  ACCOMPLISHED  BY  i S ’ NC  A  SOFT 
BRISTLE  BRUSH. 


I 


C.  WHEN  THE  EQUIPMENT  HAS  BEEN  CEEANEU  AND  ANY  COKKOSION  !)1S<T)VEKEU  HAS 
BEEN  REMOVED  AND  ARRESTED,  THE  EQUIPMENT  jS  RETURNED  TO  THE  REF'AIk  AND  ('HECK 
TECHNICIAN.  THE  EQUIPMENT  IS  REPAIRED  AND  TESTED  LE  REQUIRED,  AND  (.OHROSJON 
PREVENTION  COMPOUND  MIL-C-81309  TYPE  3  CLASS  2  AEROSCjL  IS  API  I.’KD  TO  INTERNAL 
AREAS  OF  THE  EQUIPMENT.  (SEE  ENCLOSURE  (S).)  THE  MATERIAL  IS  SPREAD  ON  AND 
THE  EXCESS  IS  WIl’ED  OFF,  LEAVING  A  THIN,  MON -CONDUCT I VE  FILM  OF  WATER  DIS¬ 
PLACING  CORROSION  PREVENTIVE  COMPOUND.  IF  CONTACT  POINTS  ARE  INVOLVED,  POINTS 
MUST  BE  WIPED  TO  ENSURE  NON -CONDUCTI VE  FIIJ-1  IS  RE.MOVED.  THE  EQUIPMENT  IS  THEN 
CLEANED  AND  SEALING  MATERIALS  ARE  USED  AS  REQUIRED  To  ENSURE  WATER  OR  COPRO- 
SIVK  FLUIDS  OF  ANY  FORM  CANNOT  ENTER  THE  BOX.  THREE  BAS'C  SEAL.TNT  S  ''-.RE  USED 
MEETING  MIL-SPECIFICATION  MIL-S-8802,  MIL-S-81733,  OR  RO(>M  TKMI'KRATl  kP  VULCAN¬ 
IZING  (RTV)  MlL-A-46146.  NORMALLY  SEALED  AREAS  .ARE  LID.S  AROUND  FASTKI-'KRS  AND 
CONNECTOR  PORTS.  THE  READY  FOR  ISSUE  (RM)  COMPONENT  IS  THEN  PACKAGED  AND 
RETURNED  TO  THE  USER  OR  HELD  IN  A  STOREROOM  UNTIL  NEEDED.  I  SEE  ENCLOSURE  (6).) 

D.  THE  FIRST  MAINTENANCE  LEVEL  (SQUADRON)  RECEIVES  THE  RFl  COMPONENT  AND 
BEGINS  INSTALLING  THE  COMPONENT  IN  THE  AIRCRAFT.  THE  TFCHMTCIAV  OPENS  Ti:K 
ACCESS  PANEL  AND  INSPECTS  THE  AREA  IN  WHICH  THE  COMPONENT  IS  TO  BE  INSTALLED 
(USUALLY  IN  A  SHOCK  MOUNTED  RACK)  TO  ENSURE  THE  AREA  AND  SHOCK  MOUNTED  RACK 
ARE  CLEAN  AND  FREE  FROM  CORROSION  OR  CONTAMINANTS.  WHEN  SATISFIED  THE  aREA  IS 
CLEAN,  THE  COMPONENT  IS  INSTALLED.  THE  TECHNICIAN  THEN  INSPECTS  AND  HAND 
CLEANS  THE  ELECTRiCAL  CONNECTOR.  THE  FEMALE  CONNECTOR  IS  TREATED  USING 
MIL-C-81302  AND  A  SOFT  BRISTLE  BRUSH  AFTER  CLEANING.  MIL-C-813U9  TYPE  3 
CLASS  2  AVIONICS  GRADE  WATER  DISPLACING  CORROSION  PREVENTION  COMPOUND  IS 
APPLIED  TO  THE  FEMALE  CONNECTOR,  THE  EXCESS  IS  WIPED  OFF  AND  THE  CONNECTOR  IS 
CONNECTED  TO  THE  COMPONENT.  THE  COMPONENT  IS  THEN  TESTED  USING  .a’FC.RAFT  POWER 
TO  COMPLETE  THE  INSTALLATION. 

6.  ELECTRICAL  CONNECTORS.  ELECTRICAL  CONNECTORS  HAVE  HISTORICALLY  BEEN  PRONE 
TO  CORROSION  PROBLEMS,  AS  DISCUSSED  IN  REFERENCE  (1).  HOWEVER,  SINtiE  THE 
AVIONICS  CORROSION  PREVENTION  AND  CONTROL  PROGRAM  HAS  BEEN  IMPLEMENTED,  THE 
PROB..EMS  ARE  DISAPPEARING.  PERIODiC  MAINTENANCE  IS  CONDUCTED  ON  ALL  AIRCRAFT 
CONNECTORS  RANGING  FROM  DAILY  TO  180  DAYS  OR  LONGER  IN  SOME  INSTALLATIONS. 
M-A^NTENANCE  OF  CONNECTORS  CONSISTS  OF  KEEPING  THE  COKNFTITORS  Cl  E/'N  AND  DRY, 

FREE  FROM  CORROSION  INTERNALLY  AND  EXTERNALLY.  THIS  JS  ACCOMPJ  . '^HED  AS 
FOLLOWS : 

A.  CONNECTORS  DIRECTLY  EXPOSED  TO  THE  ENVIRONMENT.  THE  CONI’IH.KiK  IS 
OPENED  AND  INSPECTED;  IF  CORROSION  IS  DETECTED  ON  PINS  OR  BODY  OF  T"P 
CONNECTOR,  IT  IS  REMOVED  BY  IHE  MII.DFST  METHOD  PC.:- S I  BI.E .  THE  CONNL'  TOR  '  .S 
THEN  INSPECTED  WITH  A  lOX  CLASS  TO  ENSURL  Al.-I  COKKC'.S  U 'fl  PRODUCT  HAS  BEEN 
REMOVED;  THE  CONNECTOR  IS  THEN  CLEANED  I'SIMC  AN  ACID  BRUSH  AND  Mil  -0-81302. 

THE  FEMAI.E  END  OF  THE  CONNECTOR  IS  SPRAVE  )  WLjH  MrL-C-813(!V  TYPE  I  CLASS  ? 

WATER  DISPLACING  CORROSION  PREVENTION  COMPOUND  AND  I'HF,  EXCESS  IS  WIPED  OFF. 

IT  IS  RECONNECTED  AND  W1  I’ED  OFF  Willi  A  CLEAN  CLCiTH  WET  WITH  Mll.-C-SnO:  TP 
REMOVE  BODY  OIJ.S,  FINGERPRINTS,  ETC.  THE  EXTERNAL  AREA  OF  THE  CI.t'SF.D 
CONNECTOR  I  .S  Si'kLAD  WITH  I'1L-C-830S4  AMLCARD.  THE  AMLGARD  1.-  Al  !,(iWED  lie  DRY 
30  MINUTES  AND  A  SECI-ND  ((’A'i  !S  APPIIFD.  IN  EXTREME  CASES,  IHO  rONNKO’loK  IS 
WRAPPED  WITH  ELI- CTP  i  0  i ,  iNSOLATINc.  TAPE  PA  I  N  i'ED  Will  RTV  ^Ui-.  I  I  (■!■  F.^IKF 
18-20.  ) 
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B.  TEST  i.dNNKCTOKS  TREATED  IN  THIS  MANNER  HAVE  BEEN  EXl'dSFD  CN  AlRiRAFT 
CARRIERS  F('R  AS  l.ONC  AS  1»  MONTHS  R  i  TH  N('  DEGRADA'll  (H-i  TO  THE  CONNECTORS.  (SEE 
FlOl'RE  2  3.) 

7.  CONNECTORS  jMt.RN.M,.  T'O  THE  A  i  R(  RAFT  ARE  CLEAN.KD  JN  THE  SASE;  .MANNER  A.c 
DESCRIHEI)  AKtn'F  E'oK  THE  EXTEHNAI.  CONNECTOR  WJ  TH  MIE-C-B1309  TT  i'E  2  CLASS  2 
APPLIED  OUTSIDE  THE.  CONNECTOR.  FREQUENCY  OF  PREVENTIVE  MAINTENANCE  IS 
DICTATED  BY  THE  I'i'F.RATINC  ENVIRONMENT. 

A.  AUDIT  lONAE  CCT-NRCTOH  MAINTENANCE  -  SEAl.INC.  SFALINI.  IHE  BACK  SHEl.l.  OF 
MUi.TI-PIN  ENVIRONMENTAL  CONNECTORS  BECOMES  NECESSARY  t NDER  SOME  CONDITIONS; 
I.E.,  WHEN  S'DK  i.'iADS  ARK  AFjTIED  TO  PINS,  WHEN  WETTING  AGENTS  ARE  USED  IN  THE 
CONNECTOR  RAC.N  See;.!  aRE.T  .  WHEN  THESE  CONDITIONS  t  XiSI,  ''HE  BAC  K  SHEI  1.  OF  THE 
CONNECTOR  IS  SEALED  AS  FOLI.C'WS:  THE  RETAINER  RING  AND  BACK  SHELL  ARE  LOOSENED 
AND  SLID  HI'  THE  VI  IRE  BUNDLE,  EXPOSING  THE  RUBBER  GROMMET  C.omAlNlNG  WIRE 
RECEPTACLES . 


B.  THE  AREA 
HLL-C-8I  302,  VF.Ri 
WIRE  RECEPTACLE  ( 
BACK  SIDE  C'F  THE 
THE  WIRE  BUNDLE  1 
EXCEED  1/ lb"  ( 1 . ' 
SHALL  SEALANT  F.XC 
I.EL  TO  ""HE  FLOOR 
3(!  MINUTES,  THE  ( 
REQUIRE  2i  HOUR'- 


F  THE  KUHHEK  GR()MMF.T  IS  CLEANED  USING  AN  ACID  BRUSH  AND 
TING  THAT  SEALING  PLUGS  (DOG  BONES)  AR-  INSTALLED  IN  UNUSED 
V.'T'iES.  SE.AL.ANT  IS  APPLIED  (KTV-31A0  ALCOHOL  CURE)  TO  THE 
I  HHF.R  (RC'MMET,  WORKI.NG  THE  NOZZLE  OF  THE  APPLICATOR  THROUGH 
ENSl'.RK  COMPLETE  GOVER/iGE.  SEALANT  THICKNESS  SHOULD  NOT 
iTTr  '  .  ADDITlONAi  SEA.I.ANT  MAY  FE  ADDED;  HOWEVER,  AT  NO  TIME 
LD  1 'fi"  (3.2  mrO  THICKNESS).  POSITION  CONNECTOK  FATE  PAKAL- 
E.GK  F'.'K  30  SIISUTES  .‘•OR  INITIAI  i.URF.  OF  SEALANT.  AFTER 
NNlK.Tc.iR  MAY  BE  RECONNECTED;  HOWEVER,  THE  SLAl  ANT  WILL 
OR  COMf’LETE  CURE. 


8.  WHEN  THIS  PROCEDURE  '.'.AS  DEVELOPED,  RTV-118,  WHICH  IS  AN  ACETIC  ACID  CURE 
MATERIAL,  WAS  SELECTED  BECAUSE  IT  IS  CLEAR,  AI ’.OWING  THE  ELECTRONIC  TECHNIGAN 
TO  READ  PIN  NUMBERS  ON  THE  SEALED  BACK  OF  THE  GROMMET.  WIRES  CAN  RE  CHANGED 
WITH  SEALANT  IN  PIA.'E  I  S  1  NC  STANDARD  T  ool  S .  WHEN  A  WIRE  IS  REPLACED,  A  DROP 
OF  SEALANT  IS  PLACE!)  IN  THE  AREA  WHERE  WORK  WAS  AC(  OMPi.  1  SHED .  KTV-1I8  HAS 
BEEN  REPLACED  WITH  A  CLEAR  Ri'V-3140  WHIi.H  IS  A  GitAR,  AI  COUOl.  CUKE.  MATERIAL 
ELIMINATING  THE  CORKi'Sn’E  AC.ETU.  ACID,  KTV-llP  CAN  BE  USED;  HUT  TIME  FOR  A 
FULL  2L  HOUR  CUKE  MUST  BE.  US.ED,  WHICH  REQURFS  (ONKEM.TOK  TO  REMAIN  OPEN, 
PREVENTING  CORIUiSlON  CAUSED  BY  GAS  OFF  OF  THE  A(  FT U  AGIP.  THF  ONLY  ACETIC 
ACID  CUKE  MATERIAL  iN  USE  IS  RTV-73()  WHICH  IS  A  WHITE,  HIGH  TEMPERATURE 
MATERIAL  WITH  A  WOKFING  Tl  MPEKATURF  OF  3  S0C'-6C0‘^’F  I  28  7'-^- 3  1  s' C  )  .  USE,  OK 
RT\-7  30  MUST  BE  AUTHOR 'ZE!'  KV  ENT- 1  NEER  1  M'’  AUTHORITY. 


A, .  FI  CUKE  2  1  - , 


SHOWS  iTiF  KAY  NOT  T(.  INSTALL  AN  I  ON  I ‘  S  SVSTFM. 


(II  EICUKE  2:  SHO'...-  AN  EN  V  :  ROt.MEN'TAL  (.CKMUTCK  I  N.'^- A  I  I  ED  VKRTl'.AIl.Y  ON 
TOP  OF  A  BOX  IN  A  WET  .•■■KF'. 

NOTE:  SIDE  LOADS  oN  'vIHIS  'NTEHING  (.ROMMKT  VHICH  Wil.l  .■'•  i  I  (  W  ’...I  IT  K  iO  ENTER 

THE  CONNECTOR  ’‘lAY  il/' I';:'  (  OKKO.s  :  ON  .  Kl.EC'I  R  I  (  AI.  SIK'KT  S  SFK  i  A'  E  S  . 
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B.  FIGURE  22 

NOTE:  CORROSION  EXISTS  WHERE  NICKEL  PLATE  HAS  BEEN  DAMAGED. 

C.  FIGURE  23/24  SHOW  THE  RESULTS  OF  USE  OF  A  COMBINATION  OF  MATERIAIS 
WHEN  JOINED  TOGETHER  NOT  COMPATIBLE  TO  THE  NAVY  OPERATING  ENVIRONMENT. 

ELECTROLYSIS  NICKEL  PLATED  CONNECTOR 

STAINLESS  STEEL  BRAID 

NOMAX  PROTECTIVE  COVER  (NOMAX  IS  KNOWN  TO  HAVE  A  WICKING  PROBLEM  WHEN 
EXPOSED  TO  WATER  SUPPLYING  THE  ELECTROLYTE  TO  INITIATE  CORROSION.) 

9.  EMI  BONDING  CORROSION.  OVER  THE  PAST  20  YEARS,  THE  ELECTRONIC  WORLD  HAS 
MADE  TREMENDOUS  ADVANCES  IN  TECHNOLOGY.  IN  THE  DEVELOPMENT  OF  LOW  POWER 
MICROELECTRONIC  SYSTEMS,  THE  NEW  EQUIPMENT  IS  LIGHT  IN  WEIGHT,  SMALL  IN  SIZE, 
IDEAL  FOR  USE  IN  AIRCRAFT  WHERE  WEIGHT  AND  SIZE  ARE  FACTORS.  THE  NEW  SYSTEMS 
ARE  GENERALLY  VERY  DEPENDABLE  AND  ARE  REPLACING  THE  MORE  CUMBERSOME  MECHANICAL 
SYSTEMS  USED  IN  TODAY'S  AND  EARLIER  AIRCRAFT,  I.E.,  FLY  BY  WIRE,  AUTOPILOTS, 
WEAPONS  CONTROL  SYSTEMS,  ETC.  HOWEVER,  THE  NEW  LOW  POWER  MICROELECTRONIC 
EQUIPMENT  AND  SYSTEMS  ARE  SUSCEPTIBLE  TO  ELECTROMAGNETIC  INTERFERENCE  (EMI) 
CAUSED  BY  HIGH  POWER  ELECTRONIC/ELECTRICAL  SOURCES  EXTERNAL  TO  THE  AFFECTED 
SYSTEM  OR  EQUIPMENT,  RESULTING  IN  SYSTEM/EQUIPMENT  MALFUNCTION.  TO  PREVENT 
EMI  PROBLEMS,  THE  EQUIPMENT/SYSTEMS  ARE  SHIELDED  AND  GROUNDED  BY  BONDING  TO 
THE  AIRCRAFT.  MOST  OF  THE  MATERIAL  SELECTED  FOR  BONDING  BY  THE  ELECTRONIC 
ENGINEERS  HAVE  BEEN  GOOD  CONDUCTORS  OF  ELECTRICITY  BUT  ARE  CATHODIC  TO  THE 
ALUMINUM  SUBSTRATE  THEY  ARE  ATTACHED  TO,  CAUSING  GALVANIC  CELLS  TO  BE  FORMED, 
RESULTING  IN  CORROSION. 

FACTS: 

A.  CORROSION  OF  THE  AIRFRAME  IS  CAUSED  BY  BONDING  MATERIAL. 

B.  AIRFRAME  CORROSION  REQUIRES  CORRECTION  OR  STRUCTURAL  REPAIR. 

C.  BOND  IS  LOST,  MAKING  THE  BONDED  EQUIPMENT  AND  SYSTEM  SUSCEPTIBLE  TO 
EMI,  AS  BOND  CANNOT  BE  MAINTAINED  DUE  TO  CORROSION  PRODUCT. 

D.  EMI  PROTECTION  SYSTEMS  ARE  REQUIRED  TO  ENSURE  OPERATION  OF  MODERN 
MICROELECTRONIC  SYSTEMS. 

SOME  BONDING  SYSTEMS  THAT  HAVE  BEEN  USED: 

A.  BERRYLIUM  COPPER  STRIPS  fSEE  FIGURE  25.) 

B.  SILVER  FILLED  EPOXY  BONDING  MATERIAL  WHICH  IS  HYDROSI.OPIC 
( .  ALUMINUM  TO  STEEL,  ETC. 

])  .  Sir.VER  loaded  SILICON  RUBBER  EMI  SEALS 


ACTION  NEEDED: 


A.  DEVELOPMENT  OF  EMI  PROTECTIVE  SYSTEMS/MATERIALS  THAT  WILL  PROVIDE 
REQUIRED  PROTECTION  THAT  WILL  NOT  CAUSE  CORROSION  IN  THE  OPERATING  ENVIRONMENT. 

B.  DEVELOPMENT  OF  ELECTRONIC  SYSTEMS  THAT  WILL  STAND  ON  THEIR  OWN  AND  IN 
AN  EMI  ENVIRONMENT. 

10.  THE  U.S.  NAVY  IS  INVESTIGATING  A  AND  B  ABOVE  TO  DETERMINE  THE  BEST,  MOST 
ECONOMICAL  METHOD  TO  PROVIDE  REQUIRED  PROTECTION  TO  ELECTRONIC  SYSTEMS  AND 
STOP  THE  CORROSION  FROM  OCCURRING.  AS  STATED  ABOVE,  THIS  SUCCESSFUL  PROGRAM 
IS  ESTABLISHED  THROUGHOUT  THE  U.S.  NAVAL  AVIATION  COMMUNITY.  IT  WAS  ESTAB¬ 
LISHED  IN  ACCORDANCE  WITH  CHIEF  OF  NAVAL  OPERATIONS  (CNO)  INSTRUCTION  4790. 2C 
AND  AMPLIFIED  BY  COMNAVAIRLANT/COMNAVAIRPAC  INSTRUCTIONS.  TECHNICAL  INFORMA¬ 
TION  IS  PROVIDED  IN  THE  AVIONICS  CLEANING  AND  CORROSION  PREVENTION/CONTROL 
MANUAL,  NAVAIR  16-1-540.  TRAINING  IS  PROVIDED  TO  SUPERVISORS,  ELECTRONIC 
TECHNICIANS  AND  MECHANICS  BY  NAVAL  AIR  MAINTENANCE  TRAINING  DETACHMENTS 
(NAMTRADET),  NAVAL  AIR  REWORK  FACILITIES  (NAVAIREWORKFAC)  AND  ON-SITE  NAVAL 
AVIATION  ENGINEERING  SERVICE  UNITS  (NAESU).  DETAILED  REQUIREMENTS  FOR  AIMD 
AND  OPERATIONAL  SQUADRONS  ARE  CONTAINED  IN  COMNAVAIRLANT/COMNAVAIRPAC 
INSTRUCTIONS  AS  FOLLOWS: 

A.  EACH  ACTIVITY  SHALL  ESTABLISH  AN  AVIONICS  CLEANING  AND  CORROSION 
I'KEVENTION/CONTROL  PROGRAM  THAT  WILL  FUNCTION  ON  A  DAY  TO  DAY  BASIS. 

B.  AVIONICS  CORROSION  TEAM  MEMBERS  SHALL  RECEIVE  NAMTRADET  TRAINING 
BEFORE  THEY  ARE  CONSIDERED  QUALIFIED. 

C.  AVIONICS  OFFICER  SHALL  HAVE  NAMTRADET  TRAINING. 

D.  ESTABLISH  AN  AVIONICS  EQUIPMENT  EMERGENCY  RECLAMATION  TEAM  IN  EACH 
Fl.EET  ACTIVITY.  EMERGENCY  RECLAMATION  TEAM  SHALL  CONSIST  OF  ELECTRONIC  TECH¬ 
NICIANS  WHO  ARE  TRAINED  TO  RECOVER  AVIONICS  EQUIPMENT  THAT  HAVE  BEEN  EXPOSED 
TO  UNUSUALLY  SEVERE  CORROSIVE  CONDITIONS,  E.G.,  SALT  WATER  IMMERSION,  FIRE 
EXTINGUISHING  AGENTS,  BATTERY  ACID,  ETC. 

11.  IN  ORDER  TO  ENSURE  THAT  FUTURE  DESIGNS  FOR  AVIONICS  COMPONENTS  ARE  MORE 
CORROSION  RESISTANT,  THE  CHIEF  OF  NAVAL  MATERIAL  (CHNAVMAT)  HAS  ISSUED  GUIDE¬ 
LINES  FOR  PREVENTION  AND  CONTROL  OF  AVIONICS  CORROSION  (NAVMAT  P4855-2  DATED 
JUNE  1983).  THIS  DOCUMENT  WAS  DEVELOPED  AND  hUVDE  AVAILABLE  TO  INDUSTRY. 

12.  CONCLUSION 

A.  AVIONICS  CORROSION  DAMAGE  CAN  BE  MINIMIZED  ON  AIRCRAFT  AN.'  OTHER 
MILITARY  EQUIPMENT  BY  A  DYNAMIC  CORROSION  PREVENTION/CONTKOI.  PRO( KA^ 

B.  DETAILED  TRA.INING  OF  INVOLVED  PERSONNEL  MUST  BE  EKOV'.UEL). 

C.  AS  N.IW  MATERIAL  BECOMES  AVAILABLE,  THE  OCCURRENCE  OF  AWO.SICS  ^  tKRl - 

SION  CAN  BE  REDUCED  THROUGH  DESIGNING  BOXES  THAT  WILL  NOT  l.EAf  AND  MA;EK:aE 
SELECTION,  I.E.,  NON-CORROSIVE  MATERIALS  FOR  CONSTRUCTION  OF  .OM;'CNEM  , 
EQUIPMENT.  r];r'i-Tr-  o.A 


D.  CLOSE  COOPERATION  BETWEEN  ALL  FACETS.  I.E.,  THE  AVIONICS/AEROSPACE 
COMMUNITY,  IS  NEEDED  TO  ENSURE  THAT  THE  MOST  DURABLE,  RELIABLE  AVIONICS/ELEC- 
TFONICS  ARE  PROVIDED  IN  THE  ARMED  FORCES. 
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ENCLOSURES 


(1)  CORROSION  OF  METALS  -  NATURE  AND  APPEARANCE  OF  CORROSION  PRODUCTS 

(2)  EFFECTS  OF  MOISTURE  AND  FUNGI  ON  VARIOUS  MATERIALS 

(3)  EFFECTS  OF  CORROSION  AND  AVIONIC  EQUIPMENT 

(4)  BASIC  AVIONICS  CLEANING  REQUIF.EMENTS/4 . 2  -  4.6  AVIONIC  CLEANING  MATERIALS 

(5)  RECOMMENDED  CLEANING  PROCESS  VERSUS  TYPE  OF  AVIONIC  EQUIPMENT/5.2  CLEANING 
AND  DRYING  RESTRICTION 

(6)  AVIONIC  PRESERVATION  MATERIALS 
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(1)  G.  T.  BROWNE,  COMNAVAIRLANT  U.S.  FLEET  AIRCRAFT  CORROSION  AGARD  CP-315  1981 

(2)  U.S.  NAVAL  AIR  SYSTEMS  COMMAND  AVIONICS  CLEANING  AND  CORROSION  PREVENTION/ 
CONTROL  MANUAL  NA  16-1-540 

(3)  IRVING  S.  SHAFFER  NAVAIRDEVCEN  WARMINSTER  PA  CORROSION  IN  NAVAL  AIRCRAFT 
ELECTRONIC  SYSTEMS  AGARD  CR-315  1981 


CORROSION  OF  METALS  -  NATURE  AND  APPEARANCE  OF  CORROSION  PRODUCTS 


ALLOY 

ALUMINUM  ALLOY 
TITANIUM  ALLOY 


MAGNESIUM  ALLOY 


CARBON  AND  LOW 
ALLOY  STEEL 
(1000-8000  SERIES) 

STAINLESS  STEEL 
(300-400  SERIES) 


NICKEL-BASE  ALLOY 
(INCONEL) 


COPPER-BASE  ALLOY 
(INCONEL) 

CADMIUM  (USED  AS  A 
PROTECTIVE  PLATING 
FOR  STEEL) 

CHROMIUM  (USE  AS  A 
WEAR-RESISTANT 
PLATING  FOR  STEEL) 


SILVER 

GOLD 


TIN 


TYPE  OF  ATTACK  TO 
WHICH  ALLOY  IS  SUSCEPTIBLE 

SURFACE,  PITTING  AND  INTERGRANNULAR . 

HIGHLY  CORROSION  RESISTANT. 

EXTENDED  OR  REPEATED  CONTACT  WITH 
CHLORINATED  SOLVENTS  MAY  RESULT 
IN  EMBRITTLEMENT.  CADMIUM  PLATED 
TOOLS  CAN  CAUSE  EMBRITTLEMENT  OF 
TITANIUM. 

HIGHLY  SUSCEPTIBLE  TO  PITTING. 


SURFACE  OXIDATION  AND  PITTING, 
SURFACE  AND  INTERGRANNULAR. 


INTERGRANNULAR  CORROSION.  SOME 
TENDENCY  TO  PITTING  IN  MARINE 
ENVIRONMENT  (300  SERIES  MORE 
CORROSIN  RESISTANT  THAN  400 
SERIES) . 

GENERALLY  HAS  GOOD  CORROSION- 
RESISTANT  QUALITIES.  SOMETIMES 
SUSCEPCTIBLE  TO  PITTING. 

SURFACE  AND  INTERGRANNULAR 
CORROSION. 

GOOD  CORROSION  RESISTANCE.  WILL 
CAUSE  EMBRITTLEMENT  IF  NOT 
PROPERLY  APPLIED. 

SUBJECT  TO  PITTING  IN  CHLORIDE 
ENVIRONMENTS. 


WILL  TARNISH  'N  PRESENCE  OF  SULFUR. 
HICHIY  CORROSION  RESISTANT. 


SUBJECT  TO  WHISKER  GROWTH. 


APPEARANCF  OF 
CORROSION  PRODUCT 

WHITE  OR  GRAY  POWDER. 

NO  VISIBLE  CORROSION 
PRODUCTS . 


WHITE  POWDER  SNOWLIKE 
MOUNDS,  AND  WHITE  SPOTS 
ON  SURFACE. 

REDDISH-BROWN  OXIDE 
(RUST) 


CORROSION  EVIDENCED  BY 
ROUGH  SURFACE;  SOMETIMES 
BY  RED,  BROWN,  OR  BLACK 
STAIN. 


GREEN  POWDERY  DEPOSIT. 


BLUE  OR  BLUE -GREEN  POWDER 
DEPOSIT. 

WHITE,  POWDERY  CORROSION 
PRODUCTS. 


CHROMIUM,  BEING  CATHODIC 
TO  STEEL,  DOES  NOT 
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CORRODE  ITSELF,  BUT 
PROMOTES  RUSTING  OF  STEEL 
WHERE  PITS  OCCUR  IN  THE 
COATING. 

BROWN  TO  BLACK  FILM. 

DEPOSITS  CAUSE  DARKENING 
OF  REFLECTIVE  SURFACES. 

WHISKER-LIKE  DEPOSITS. 
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EFFECTS  OF  MOISTURE  AND  FUNGI  ON  VARIOUS  MATERIALS 


PART  OR  MATERIAL  EFFECTS  OF  MOISTURE  AND  FUNGI 

FIBER:  WASHERS,  SUPPORTS,  ETC.  MOISTURE  CAUSES  SWELLING  WHICH  CAUSES  THE 

SUPPORT  TO  MISALIGN,  RESULTING  IN  BINDING  OF 
SUPPORTED  PARTS.  DESTROYED  BY  FUNGI. 

FIBER:  TERMINAL  STRANS  AND  INSULATORS  ELECTRICAL  LEAKAGE  PATHS  ARE  FORMED,  CAUSING 

FLASHOVEKS  AND  CROSSTALK.  INSULATING  PROPER¬ 
TIES  ARE  LOST.  DESTROYED  BY  FUNGI. 

LAMINATED  PLASTICS:  TERMINAL  STRIPS  INSULATING  PROPERTIES  ARE  LOST.  LEAKAGE 

AND  BOARDS,  SWITCHBOARD  PANELS,  ETC.,  PATHS  CAUSE  FLASHOVERS  AND  CROSSTALK. 

TUBE  SOCKETS  AND  COIL  FORMS  AND  DELAMINATION  OCCURS  AND  FUNGI  GROW  ON  SURFACE 

CONNECTORS  AND  AROUND  EDGES.  EXPANSION  AND  CONTRACTION 

UNDER  EXTREME  TEMPERATURE  CHANGES. 

MOLDED  PLASTICS:  TERMINAL  BOARDS,  MACHINED,  SAWED,  OR  GROUND  EDGES  OF  SURFACES 

SWITCHBOARD  PANELS,  CONNECTORS,  ETC.,  AND  SUPPORTERS  OF  FUNGI,  CAUSING  SHORTS  AND 
TUBE  SOCKETS  AND  COIL  FORMS  FLASHOVERS.  FUNGI  GROWTH  REDUCES  RESISTANCE 

BETWEEN  PARTS  MOUNTED  ON  PLASTIC  TO  SUCH  AN 
EXTENT  THAT  THE  PARTS  ARE  USELESS. 

COTTON  LINEN,  PAPER  AND  CELLULOSE  INSULATING  AND  DIELECTRIC  PROPERTIES  ARE  LOST 

DERIVATIVES:  INSULATION,  COVERINGS,  OR  IMPAIRED,  CAUSING  ARCING,  FLASHOVERS  AND 

WEBBING,  BELTING,  LAMINATIONS,  CROSSTALK.  DESTROYED  BY  FUNGI. 

DIELECTRICS,  ETC. 

WOOD:  CASES,  HOUSES  AND  HOUSINGS,  DRY  ROT,  SWELLING  AND  DELAMINATION  CAUSED  BY 

PLASTIC  FILLERS,  MASTS,  ETC.  MOISTURE  AND  FUNGI. 

LEATHER:  STRAPS,  CASES,  GASKETS,  ETC.  MOISTURE  AND  FUNGI  DESTROYING  TANNING  AND 

PROTECTIVE  MATERIALS,  CAUSING  DETERIORATION. 

GLASS:  LENSES,  WINDOWS,  ETC.  FUNGI  GROW  ON  ORGANIC  DUST,  INSECT  TRACK, 

INSECT  FECES,  DEAD  INSECTS,  ETC.  DEAD  MITES 
AND  FUNGI  GROWTH  ON  GLASS  OBSCURE  VISIBILITY 
AND  CORRODE  NEARBY  METAL  PARTS . 


FUNGI -INHIBITING  WAXES  WHICH  ARE  NOT  CLE/4N 
SUPPORT  THE  GROWTH  OF  FUNGI,  CAUSE  DESTRUC¬ 
TION  OF  INSULATING  AND  PROTECTIVE  QUALITIES, 
AND  PERMIT  ENTRANCE  OF  MOISTURE  WHICH 
DESTROYS  PARTS  AND  UNBALANCES  ELECTRICAL 
CIRCUITS. 

HIGH  TEMPERATURE  AND  MOISTURE  VAPOR  ( AUSF 
RAPID  CORROSION.  FUNGI  AND  BACTERIAL  GROWTH 
PRODUCE  ACID  AND  OTHER  PRODUCTS  WH I CH  SPEED 
CORROSION,  ETCHING  OF  SURE.ACES  AND  (.^IDATION. 
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THIS  INTERFERES  WITH  THE  OPERATION  OF  MOVING 
PARTS,  SCREWS,  ETC.,  AND  CADSES  DUST  BETWEEN 
TERMINALS,  CAPACITORS,  PLATES  OR  AIR  CONDENS¬ 
ERS,  ETC.,  WHICH  IN  TURN  CAUSE  NOISE,  LOSS  IN 
SENSITIVITY  AND  ARC-OVERS. 


METALS,  DISSIMILAR: 


METALS  MAY  HAVE  DIFFERENT  POTENTIALS.  WHEN 
MOISTURE  IS  PRESENT,  ONE  OF  THE  METALS 
(ANODE)  CORRODES. 


SOLDERED  JOINTS: 


RESIDUAL  SOLDERING  FLUX  ON  TERMINAL  BOARDS 
HOLDS  MOISTURE,  WHICH  SPEEDS  UP  CORROSION  AND 
GROWTH  OF  FUNGI.  SOLDERING  IRON  SHOULD  NOT 
COME  IN  CONTACT  WITH  WIRE  INSULATION. 
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EFFECTS  OF  CORROSION  ON  AVIONIC  EQUIPMENT 


COMPONENT 


ANTENNA  SYSTEM 


CHASSIS,  HOUSINGS,  COVERS  AND 
MOUNT  FRAMES 

SHOCK  MOUNTS  AND  SUPPORTS 


CONTROL  BOX  MECHANICAL  AND  ELECTRICAL 
TUNING  LINKAGE  AND  MOTOR  GONTACTS 


FAILURE  MODE 

SHORTS  OR  CHANGES  IN  CIRCUIT  CONSTANTS  AND 
STRUCTURAL  DETERIORATION. 

CONTAMINATION,  PITTING,  LOSS  OF  FINISH  AND 
STRUCTURAL  DETERIORATION. 


DETERIORATION  AND  LOSS 
NESS. 


OF  SHOCK  EFFECTIVE - 


INTERMITTENT  OPERATION  AND 
SELECTION. 


FAULTY  FREQUENCY 
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WATER  TRAPS 


STRUCTURAL  DETERIORATION. 


RELAY  AND  SWITCHING  SYSTEMS 


PLUGS,  CONNECTORS,  JACKS  AND 
RECEPTACLES 

MULTI -PIN  CABLE  CONNECTORS 


POWER  CABLES 


DISPLAY  LAMPS  AND  WING  LIGHTS 


WAVEGUIDES 


RADAR  PLUMBING  JOINTS 

PRINTED  CIRCUITS  AND  MICROMINIATURE 
CIRCUITS 

BATTERIES 


BUS  BARS 


COAXIAL  LINES 


MECHANICAL  FAILURE,  SHORTS, 
OPERATION  AND  SIGNAL  LOSS. 


INTERMITTENT 


SHORTS,  INCREASED  RESISTANCE,  INTERMITTENT 
OPERATION  AND  REDUCED  SYSTEM  RELIABILITY, 

SHORTS,  INCREASED  RESISTANCE,  INTERMITTENT 
OPERATION  AND  WATER  SEAL  DETERIORATION. 

DISINTEGRATION  OF  INSULATION,  AND  WIRE/ 
CONNECTOR  DETERIORATION. 

INTERMITTENT  OPERATION,  MECHANICAL  AND 
ELECTRICAL  FAILURES. 

LOSS  OF  INTEGRITY  AGAINST  MOISTURE,  PITTING, 
REDUCTION  OF  EFFICIENCY  AND  STRUCTURAL 
DETERIORATION. 

FAILURE  OF  GASKETS,  PITTING  AND  POWER  LOSS. 


SHORTS,  INCREASED  RESISTANCE, 
SYSTEM  FAILURES. 

HIGH  RESISTANCE  AT  TERMINALS, 
ELECTRICAL  CONTACT  POINTS  AND 
DETERIORATION  OF  MOUNTING. 


COMPONENT  AND 


FAILURE  OF 
STRUCTURAL 


STRUCTURAL  AND  ELECTRICAL  FAILURES. 

IMPEDANCE  FLUCTUATIONS,  LOSS  01  SIGNAI.S  AND 
STRUCTURAL  DETERIORATION  OF  CONNECTORS. 
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BASIC  AVIONICS  CLEANING  REQUIREMENTS 


ALWAYS  USE  THE  MILDEST  CLEANING  METHOD 


1.  PRE -CLEANING: 

A.  DISCONNECT  POWER  SUPPLY. 

B.  ENSURE  ALL  DRAIN  HOLES  ARE  OPEN. 

C.  REMOVE  COVERS,  ETC. 

D.  DISASSEMBLE  WHERE  PRACTICAL. 

E.  USE  ONLY  AUTHORIZED  MATERIALS. 

F.  ASSURE  COMPATIBILITY  OF  MATERIAL  BEFORE  USE. 

G.  MASK,  PROTECT  ACCESSORIES,  COMPONENTS  TO  PREVENT  ENTRANCE  OF  WATER,  SOLVENT/ 
CLEANING  COMPOUND. 

2.  CLEANING  EQUIPMENT  HAND  CLEANING  TOOLS  FOR  HAND  CLEANING: 

A.  COTTON  LINT-FREE  CLOTH 

B.  CHEESECLOTH 


C.  COTTON  TIP  APPLICATORS  (Q  TIPS) 


D.  ACID  BRUSH 


E .  TOOTHBRUSH 


3.  CLEANING  EQUIPMENT  INSTALLED /MATERIALS : 
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A.  SPRAY  CLEANING  BOOTH 


(1)  WATER 

(2)  WATER  DETERGENT 
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(3)  SOLVENT 


B.  ULTRASONIC 


(1)  AQUEOUS 


(2)  CHEMICAL 
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AVIONIC  CLEANING  MATERIALS 


WARNING 


SOLVENTS  ARE  FLAMMABLE  AND  SOLVENT  VAPORS  ARE  TOXIC.  KEEP  SOLVENTS  AWAY  FROM  OPEN 
FLAMES  AND  USE  ONLY  IN  A  WELL  VENTILATED  AREA.  AVOID  SOLVENT  CONTACT  WITH  SKIN. 


DESCRIPTION 


CHARACTERISTICS 


APPLICATION 


RESTRICTIONS 


CLEANING 
COMPOUND , 
AIRCRAFT 
SURFACE , 
MIL-C-43616, 
CLASS  1,  OR 
CLASS  lA  * 
OR  EQUIVA¬ 
LENT 

*  AEROSOL 

CAN  TO  BE 

USED  AS 

PACKAGED 

WITHOUT 

ADDITIONAL 

DILUTION. 


GENERAL  CLEANING  AGENT 
FOR  LIGHT  SOIL  AND 
DIRT  IN  EQUIPMENT 
BAYS,  ON  EXTERNAL 
CASES  AND  COVERS,  AND 
ANTENNA  ASSEMBLIES. 

HEAVY  CONCENTRATION  OF 
SURFACE  GRIME,  OIL, 
EXHAUST  SMUDGE  AND 
FIRE  EXTINGUISHING 
CHEMICALS  IN  EQUIPMENT 
BAYS  AND  ON  EXTERNAL 
CASES  AND  COVERS. 


MIX  ONE  PART  CLEANER 
IN  16  PARTS  WATER 
AND  APPLY  WITH  CLEAN¬ 
ING  CLOTH.  RINSE  WITH 
FRESH  WATER  AND  WIPE 
DRY. 

MIX  ONE  PART  CLEANER 
IN  NINE  PARTS  WATER 
AND  APPLY  WITH  CLEAN¬ 
ING  CLOTH.  RINSE  WITH 
FRESH  WATER  AND  WIPE 
DRY  WITH  COTTON  CLOTH. 


DO  NOT  USE  AROUND 
OXYGEN,  OXYGEN  FIT¬ 
TINGS,  OR  OXYGEN 
REGULATORS,  SINCE 
FIRE  OR  EXPLOSION 
MAY  RESULT. 

NEVER  USE  FULL 
STRENGTH  NOR  EVER 
ALLOW  TO  DRY  ON 
SURFACE. 

REFER  TO  SECTION  IX 
FOR  EMERGENCY  CLEAN¬ 
ING  PROCEDURES  AFTER 
IMMERSION  OR  EXPOSURE 
TO  GROSS  AMOUNTS  OF 
SALT  WATER,  FIRE 
EXTINGUISHING  CHEMI¬ 
CALS,  SMOKE,  OR 
VAPOROUS  GASES. 


DETERGENT, 
LIQUID, 
NONIONIC 
MIL-D-1679I , 
TYPE  I 


CLEANING  OF  TRANS¬ 
PARENT  AND  ACRYLIC 
PLASTICS  AND  COCKPIT 
INDICATOR  GLASS 
COVERS.  ALSO  USED  IN 
THE  WATER  BASED  SOLVENT 
SPRAY  CLEANING  BOOTH 
AND  THE  AQUEOUS  ULTRA¬ 
SONIC  CLEANER  FOR 
REMOVING  CONTAMINANTS. 


FOR  HAND  CLEANING, 
APPLY  WITH  FLANNEL. 
LET  DRY,  THEN 
REMOVE  WITH  DRY 
FLANNEL  CLOTH. 


MIX  ONE  FLUID  OUNCE 
PER  GALLON  WATER. 


CLEANING  AND 

LUBRICATING 

COMPOUND, 

ELECTRICAL 

CONTACT, 

MIL-C-83360, 

TYPE  1 


A  CLEANER-LUBRICANT 
COMPATIBLE  WITH 
POTTING  COMPOUNDS, 
RUBBERS  AND  INSULA¬ 
TIONS.  CONTAINS 
THREE  TO  FIVE  PERCENT 
SILICONE.  MAY  BE  USED 
FOR  CLEANING  AND 
LUBRICATING  ELECTRICAL 
CONTACTS . 


APPLY  BY  SPRAYING  AN 
EVEN  FILM  TO  THE  SUR¬ 
FACE.  WIPE  CLEAN  WITH 
DISPOSABLE  APPLICATOR, 
OR  PIPE  CLEANER. 


DO  NOT  USE  AS  A  SUB¬ 
STITUTE  FOR  MIL-C- 
81302  TYPE  OR 
TYPE  II. 

AVOID  APPLICATION  TO 
AREAS  REQUIRING 
SOLDERING  OR  COATING. 
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CLEANING 
COMPOUND , 
SOLVENT 
TRICHLOROTRI- 
FLUOROETHANE , 
MIL-C-81302, 
TYPE  1 

(ULTAR- CLEAN) 


CLEANING 
COMPOUND , 
SOLVENT 
TRICHLOROTRI- 
FLUOROETHANE , 
MIL-C-81302, 
TYPE  II 


DRY  CLEANING 

SOLVENT, 

P-D-680, 

TYPE  II 
(HIGH  FLASH 
POINT) 


•r 


GENERAL  CLEANER  FOR 
LIGHT  TO  MEDIUM  SUR¬ 
FACE  DUST,  DIRT  AND 
CONTAMINANTS  ON  PRE¬ 
CISION  EQUIPMENT, 
INSTRUMENTS,  ETC., 
WHERE  ULTRA-CLEAN 
SOLVENT  IS  REQUIRED. 
USE  IN  CLEAN  ROOM 
APPLICATIONS.  MAY  BE 
USED  TO  CLEAN  DIRT  AND 
DUST  FROM  AREAS  WHERE 
CRITICAL  SOLDERING  IS 
REQUIRED. 

GENERAL  CLEANER  FOR 
LIGHT  TO  MEDIUM  SUR¬ 
FACE  DUST,  DIRT  AND 
CONTAMINANTS  ON  ALL 
INTERNAL  AREAS  OF 
AVIONIC  EQUIPMENT. 

MAY  BE  USED  TO  CLEAN 
DIRT  AND  DUST  FROM 
AREAS  WHERE  SOLDERING 
IS  REQUIRED. 

GENERAL  PURPOSE 
CLEANER  FOR  MEDIUM  TO 
HEAVY  DIRT,  DUST, 
CONTAMINANTS  AND 
FIRE  EXTINGUISHING 
CHEMICALS  IN  EQUIP¬ 
MENT  BAYS  AND  ON 
EXTERNAL  CASES, 

COVERS,  STRUCTURAL 
HARDWARE,  MOUNTS, 
RACKS,  ETC. 

CLEANER  FOR  SMOKE 
DAMAGE  REMOVAL  ON 
internal  CHASSIS 
COMPONENTS . 


APPLY  BY  WIPING  OR 
SCRUBBING  ON  AFFECTED 
AREA  WITH  ACID  BRUSH 
OR  TOOTHBRUSH.  AIR 
DRY  OR  OVEN  DRY,  AS 
APPLICABLE. 


SAME  AS  ABOVE. 


APPLY  BY  WIPING  OR 
SCRUBBING  AFFECTED 
AREA  WITH  CLEANING 
CLOTH,  CHEESECLOTH  OR 
BRUSH,  TYPEWRITER,  AS 
APPROPRIATE.  WIPE 
CLEAN  WITH  CLEANING 
CLOTH . 


APPLY  BY  SCRUBBING 
AFFECTED  AREA  WITH 
CLEANING  CLOTH, 
COTTON,  TOOTHBRUSH, 

OR  BRUSH,  TYPEWRITER, 
AS  APPROPRIATE.  WIPE 
CLEAN  WITH  CLEANING 
CLOTH . 


DO  NOT  USE  ON  ACRYLIC 
PLASTICS  AND  ACRYLIC 
CONFORMAL  COATINGS. 

DO  NOT  USE  ON 
UNSEALED  ALUMINUM 
ELECTROLYTIC  CAPACI¬ 
TORS  .  DAMAGE  MAY 
RESULT  TO  END  CAPS 
AND  CAUSE  LEAKAGE. 


SAME  AS  ABOVE. 


DO  NOT  USE  AROUND 
OXYGEN  OR  OXYGEN 
FITTINGS  OR  OXYGEN 
REGULATOR  SINCE 
FIRE  OR  EXPLOSION 
MAY  RESULT. 


WHEN  USED  FOR  SMOKE 
DAMAGE  REMOVAL, 

ALWAYS  FOLLOW  U"  WITH 
SOLUTION  OF  ONE  PART 
DEIONIZED  WATER  AND 
ONE  PART  ISOPROPYL 
ALCOHOL,  TT-I-735. 


ISOPROPYL 

ALCOHOL, 

TT-I-735 


CLEANER  FOR  SMOKE 
DAFLAGE  REMOVAL  ON 
CIRCUIT  COMPONENTS 
AND  LAMINATED  CIR¬ 
CUIT  BOARDS. 


CLEANER  FOR  REMOVAL 
OF  WATER-DISPLACING 
CORROSION  PREVENTIVE 
COMPOUNDS,  MIL-C- 
81309 ,  TYPE  II I ; 
MIL-C-81309,  TYPE  II; 
MIL-C- 85054;  AND 
CORROSION  PREVENTIVE 
COMPOUND,  MIL-C- 16173, 
GRADE  4. 

GENERAL  PURPOSE 
CLEANER  AND  SOLVENT 
FOR  REMOVAL  OF  SALT 
RESIDUE  AND  CONTAMI¬ 
NANTS  COMMON  TO 
INTERNAL  AVIONIC 
EQUIPMENT.  GENERAL 
CLEANER  FOR  INTERNAL 
CHASSIS  COMPONENTS. 

SOLVENT  CLEANER  FOR 
SOLDER  FLUX  RESIDUE 
IN  ALL  APPLICATIONS  OF 
ELECTRONICS,  ELECTRI¬ 
CAL  EQUIPMENT  AND 
MICROMINIATURE  CIR¬ 
CUITS. 


CLEANER  FOR  FINGER¬ 
PRINT  REMOVAL  ON 
METAI.S  AND  NON- 
MF.TALLlC.s  . 


APPLY  BY  WIPING  OR 
SCRUBBING  AFFECTED 
AREA  WITH  CLEANING 
CLOTH,  COTTON,  OR 
TOOTHBRUSH.  WIPE 
CLEAN  WITH  CLEANING 
CLOTH . 

APPLY  WITH  BRUSH,  OR 
TOOTHBRUSH,  AS  APPRO¬ 
PRIATE.  WIPE  CLEAN 
WITH  CLEANING  CLOTH, 
COTTON . 


APPLY  A  SOLUTION  OF 
ONE  PART  DEIONIZED  OR 
DISTILLED  WATER  AND 
ONE  PART  ISOPROPLY 
ALCOHOL,  TT-1-735, 

TO  THE  AFFECTED  AREA 
WITH  CLEANING  CLOTH 
OR  TOOTHBRUSH. 


APPLY  A  SOLUTION  OF 
ONE  PART  DEIONIZED 
OR  DISTILLED  WATER  TO 
THREE  PARTS  ISOPROPYL 
ALCOHOL,  TT-1-735, 

AND  SCRUB  THE  SOLDER 
JOINT  AND  ADJACENT 
AREA  WITH  ACID  BRUSH 
OR  TOOTHBRUSH.  WIPE 
CLEAN  WITH  CLEANING 
CLOTH,  COTTON. 

APPI.Y  A  SOI.UI  ION  OF 
ONE  PART  DEIONIZED  OR 
DISTILI.ED  WATER  AND 
ONE  PART  ISOPROPYl 
A.JCOHOL,  TT-I-735  ,  TO 
AFFECTED  y:  REA  WITH 
Cl  EAN 1  N(;  c:l  OTH  ,  COIl  ON  . 
WIPE  CLEAN. 


MAY  CAUSE  SWELLING  OF 
SILICONE  RUBBER  SEALS 
IN  EQUIPMENT  EXPOSED 
TO  IMMERSION  FOR  LONG 
PERIODS. 


MAY  SOFTEN  SOME  PLAS¬ 
TICS,  WIRE  HARNESS 
TUBING,  OR  PLASTIC 
COATING  ON  WIRING. 
TEST  AFFECTED  AREA 
FOR  ADVERSE  REACTIONS 
PRIOR  TO  GENERAL 
APPLICATION. 


ISOPROPYL  ALCOHOL, 
TT-I-735,  IS  HIGHLY 
FLAMMABLE. 

ALL  APPLICATIONS  OF 
ISOPROPYL  ALCOHOL, 
TT-I-735,  AND  WATER 
MAY  BE  AIR  DRIED  OR 
DRIED  BY  PORTABLE 
AIR  BLOWER  OR  OVENS. 
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CLEANER  FOR  BACTERIA 
AND  FUNGI  ATTACK  ON 
ALL  METALS  AND  NON- 
METALLICS. 


CLEANER  FOR  SALT  WATER 
IMMERSION  AND  FIRE 
EXTINGUISHING  CHEMI¬ 
CALS  ON  ALL  INTERNAL 
CIRCUIT  BOARDS. 


APPLY  A  SOLUTION  OF 
ONE  PART  SOLVENT 
TRICHLOROTRIFLUOR- 
ETHANE,  MIL-C-81302, 
TYPE  II  AND  ONE  PART 
ISOPROPYL  ALCOHOL, 
TT-1-735,  TO  AFFECTED 
AREA  WITH  CLEANING 
CLOTH,  COTTON.  WIPE 
CLEAN.  AIR  DRY. 

APPLY  A  .SOLUTION  OF 
ONE  PART  ISOPROPYL 
ALCOHOL,  TT-1-735,  AND 
NINE  PARTS  SOLVENT 
TR 1 CHLOROTR 1 FLUOR - 
ETHANE,  NIL-C-81302, 
TYPE  II  TO  AFFECTED 
AREA  WITH  CLEANING 
COTTON  CLOTH,  ACID 
BRUSH,  OR  TOCTHBRISH, 
AS  APPROPTIATE. 
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CLEANER  FOR  ELECTRI¬ 
CAL  CONTACT  SURFACES. 


WATER,  CLEANER  FOR  SOLDER 

DISTILLED  FLUX  RESIDUE  IN  ALl 

APPLICATIONS  OF 
ELECTRONICS,  FLEA- 
TRICAL  EQUIPMENT  AND 
MICROMINIATURE 
c: RCUITS . 


APPLY  A  SOU  T  ION  oF 
ONE  PART  DEIONIEED  OR 
DlSTllLED  WATER  AND 
ONE  PART  1S(^PR('I'Y1 
AL(  (»H01  ,  TT-I-7  i‘'.  T(' 
AFFECTED  AREA  WITH 
A'  ID  BRUSH  i>R  LI  i’E 

cleaner,  wipe  i  I  fan 

AND  AIR  DRV. 

APPLY  .A  SOIlTo'N  oi- 
ONE  PART  DE : ON :  .  ED  oR 
DI  ST  I  1  i  ED  WATER  :<■ 
■’■■HREF  PARTS  ISOPRcPM 
I  i  ('HOI  .  TT  -  I  -  ■  IS  ^ 

AND  S(  KUh  .o'N':  aM> 
AD.'Ai  ENT  ARIA  v.  i  O 

A(  ’  D  hr:  sr  >  r  ■;  oo  : !  - 
SHUSH.  w:pr  (  ;  l,.n 
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DFIONI.iED  WATER, 
OBTAINABLE  FROM 
t OR'uMERC  1  A1  LY  AVAIL- 
AhlE  PKCH'ESSING  UNITS 
THAT  AKR  PI.lT'sFD  INTO 
So.k'F  SHORE  AtTIVlTY 
SHOI  S  ,  IS  AN  AUTlKi- 
K;;  FD  .-0  BRI  nUTE. 
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RECOMMENDED 


CLEANING  PROCESS  VERSUS  TYPE  OF  AVIONIC  EQUIPMENT 


TYPE 

EQUIPMENT 

HOUSINGS/ COVERS 
CHASSIS 
RACKS /MOUNTS 
CONTROL  BOXES 
INSTRUMENTS 
LIGHT  ASSEMBLIES 
WAVEGUIDES 
WIRE  HARNESSES 
SERVOS/ SYNCHROS 
ANTENNAS,  BLADE 
ANTENNAS,  DOME 
ANTENNAS,  RADAR 
ANTENNAS,  ECM 
MOTORS 
GENERATORS 
BATTERIES 

CIRCUIT  BREAKER  PANELS 
GYROSCOPES 

PLUGS  AND  CONNECTORS 
HIGH  DENSITY  CONNECTORS 
EDGE  CONNECTORS 
COAXIAL  CONNECTORS 
PRINTED  CIRCUIT  BOARDS 


AQUEOUS 

ULTRA¬ 

SONICS 


SOLVENT 

ULTRA¬ 

SONICS 


WATER 

BASE 

SPRAY 

BOOTH 


ENCLOSURE  (S) 


HAND 

CLEAN 


CLEANING  AND  DRYING  RESTRICTIONS 


5 

1 

COMPONENT 

TRANSFORMERS 

SYNCHROS  AND  SERVOS 

METERS  AND  INSTRUMENT  GAUGES 

SLIDING  ATTENUATORS  (RF) 

;  TUNABLE  CAVITIES 

VARIABLE  ATTENUATORS  (MICRO- 
WAVE) 

WAVEGUIDE  (MICROWAVE) 

ROTARY  SWITCHES 

POTENTIOMETERS 

\ 

\  DELAY  LINES  (PHYSICAL) 

KLYSTRON  CAVITY 

FAN  MOTORS 
PAPER  CAPACITORS 
PRINTED  CIRCUIT  BOARD 

VACUUM  TUBES 
SLIDING  CAM  SWITCHES 

CRYSTAL  DETECTORS 

APC  CONNECTORS  (MICROWAVE) 

WIRE  WRAP  CONNECTORS 
GYROSCOPES 


PROBLEM 

TRAP  SOLUTION  IN  HOUSING 
REMOVES  LUBRICANT  FROM  BEARING 
TRAP  SOLUTION  THROUGH  OPEN  BACK 
TRAP  SOLUTION  IN  SLIDE  HOUSING 
TRAP  SOLUTION  IN  CAVITY  AREA 
TRAP  SOLUTION  IN  HOUSING 

TRAP  SOLUTION  IN  GUIDE  HOUSING 
(WHEN  INSTALLED) 

TRAP  SOLUTION  THROUGH  OPEN 
HOUSING 

TRAP  SOLUTION  THROUGH  OPEN 
HOUSING 

TRAP  SOLUTION  IN  HOUSING 
TRAP  SOLUTION  IN  SOCKETS 

TRAP  SOLUTION  IN  HOUSING 
DISINTEGRATE 

TRAP  SOLUTION  (WHEN  INSTALLED) 

SHOCK  DAMAGE 
SHOCK  DAMAGE  TO  CAM 

HEAT  DAMAGE  FROM  OVEN 

SHOCK  DAMAGE  TO  CENTER 
CONDUCTOR 

SHOCK  DAMAGE 

TRAP  SOLUTION  IN  HOUSING 


SOLUTION 

SEAL 

SEAL  OR  REMOVE 
SEAL 

SEAL  OR  REMOVE 
SEAL  OR  REMOVE 
SEAL  OR  REMOVE 

SEAL  OR  REMOVE 

SEAL 

SEAL 

SEAL 

REMOVE  TUBE  AND 
SEAL  SOCKET 

SEAL  OR  REMOVE 

SEAL 

REMOVE  (CLEAN 
SEPARATELY) 

REMOVE 

REMOVE  OR  HAND 
CLEAN  ONl.Y 

DRY  AT  130OF 
(540c)  MAXIMUM 

SEAL  AND  HAND 
CLEAN  ONLY 

HAND  CLEAN  ONLY 

SEAL 
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AVIONIC  PRESERVATION  MATERIALS 

DESCRIPTION  CHARACTERISTICS  APPLICATION  RESTRICTIONS 


CORROSION  GENERAL  PRESERVATIVE  FOR 

PREVENTIVE  INTERNAL  AREAS  OF  AVIONIC 

COMPOUND,  EQUIPMENT;  INTERNAL  AREAS 

WATER-DIS-  OF  ELECTRICAL  CONNECTORS, 

PLACING,  PLUGS,  RECEPTACLES;  AND 

ULTRA-THIN  SOLDER  JOINTS.  CONTAINS 

FILM,  WATER-DISPLACING  PROPER- 

AVIONICS  TIES. 

GRADE,  MIL- 
C-8I309, 

TYPE  III 


CORROSION  GENERAL  PRESERVATIVE  FOR 

PREVENTIVE  INTERNAL  AREAS  OF  CHASSIS, 

COMPOUND,  EQUIPMENT  COVERS,  HARD- 

WATER-DIS-  WARE,  MOUNTING  BRACKETS, 

PLACING,  LATCHES,  HINGES,  TERMINAL 

ULTRA-THIN  BOARDS,  BUS  BARS,  GROUND 

FILM,  STRAPS  AND  INTERNAL/EXTER- 

AVIONICS  NAL  AREAS  OF  JUNCTION  BOXES. 

GRADE,  MIL- 
C-81309, 

TYPE  II 


APPLY  BY  NOT  INTENDED  FOR  USE  ON 

SPRAYING  EXTERIOR  SURFACES  OF  AVIONIC 

AN  EVEN,  EQUIPMENT. 

thin  film 

TO  THE  DEPOSITS  A  THIN,  NON-CONDUC- 

SURFACE.  TIVE  FILM  WHICH  MUST  BE 

REMOVED  FOR  PROPER  FUNCTION 
OF  CONTACT  POINTS  AND  OTHER 
ELECTROMECHANICAL  DEVICES 
WHERE  NO  SLIPPING  OR  WIPING 
ACTION  IS  INVOLVED. 

DO  NOT  USE  AROUND  OXYGEN, 
OXYGEN  FITTINGS,  OR  OXYGEN 
REGULATORS,  SINCE  FIRE  OR 
EXPLOSION  MAY  RESULT. 

CAN  BE  REMOVED  WITH  DRY 
CLEANING  SOLVENT,  P-D-680, 
TYPE  II. 

APPLY  BY  NOT  INTENDED  FOR  USE  ON 

SPRAYING  EXTERIOR  SURFACES  OF  AVIONIC 

AN  EVEN,  EQUIPMENT. 

THIN  FILM 

TO  THE  DO  NOT  USE  IN  INTERIOR  SUR- 

SURFACE.  FACES  OF  COAXIAL  CONNECTORS. 

DEPOSITS  A  THIN,  NON-CONDUC- 
TIVE  FILM  WHICH  MUST  BE 
REMOVED  FOR  PROPER  FUNCTION 
OF  CONTACT  POINTS  AND  OTHER 
ELECTROMECHANICAL  DEVICES 
WHERE  NO  SLIPPING  OR  WIPING 
ACTION  IS  INVOLVED. 

DO  NOT  USE  AROUND  OXYGEN, 
OXYGEN  FITTINGS,  OR  OXYGEN 
REGULATORS,  SINCE  FIRE  OR 
EXPLOSION  MAY  RESULT. 

CAN  BE  REMOVED  WITH  DRY 
CLEANING  SOLVENT,  P-D-680, 
TYPE  II. 
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ENCLOSURE  (6) 


CORROSION 
PREVENTIVE 
COMPOUND , 
WATER-DIS¬ 
PLACING, 
CLEAR,  MIL- 
C-85054 


CORROSION 
PREVENTION 
COMPOUND , 
SOLVENT 
CUTBACK, 
COLD  APPLI¬ 
CATION, 
MIL-C- 
16173 
GRADE  4 


GENERAL  PRESERVATIVE  FOR 
EXTERNAL  SURFACES  EXPOSED 
TO  ELEMENTS  AND  MOISTURE, 
INCLUDING:  CHASSIS,  EQUIP¬ 
MENT  COVERS,  HARDWARE, 
MOUNTING  RACKS,  EQUIPMENT 
RACKS,  SHELVING,  BRACKETS, 
RADAR  PLUMBING,  ANTENNA 
HARDWARE,  LATCHES,  TERMI¬ 
NAL  BOARDS,  BUS  BARS, 

GROUND  STRAPS,  JUNCTION 
BOXES,  FASTENERS  AND 
EXTERIOR  SURFACES  OF  ELEC¬ 
TRICAL  CONNECTORS,  COAXIAL 
CONNECTORS,  PLUGS  AND  RECEP¬ 
TACLES  . 


GENERAL  PRESERVATIVE  FOR 
EXTERNAL  SURFACES  EXPOSED 
TO  ELEMENTS  AND  MOISTURE, 
INCLUDING:  MOUNTING  RACKS, 
SHELVING,  BRACKETS,  RADAR 
PLUMBING,  SHOCK  MOUNTS, 
RIGID  MOUNTS,  ANTENNA  HARD¬ 
WARE,  GENERAL  HARDWARE, 
HINGES,  FASTENERS,  GROUND 
STRAPS;  AND  EXTERIOR  SUR¬ 
FACES  OF  ELECTRICAL  CON¬ 
NECTORS,  COAXIAL  CONNECT¬ 
ORS,  PLUGS  AND  RECEPTACLES. 


APPLY  BY 
SPRAYING 
AN  EVEN, 
THIN  FILM 
OR  BRUSHING 
ONTO  THE 
SURFACE . 


APPLY  BY 
BRUSH  OR 
SPRAYING 
AN  EVEN, 
THIN  FILM 
TO  THE 
SURFACE . 
MATERIAL 
PRESENTS  A 
SEMITRANS¬ 
PARENT 
FILM. 


NOT  INTENDED  FOR  USE  ON 
INTERIOR  SURFACES  OF  AVIONIC 
EQUIPMENT. 

DO  NOT  USE  ON  INTERIOR  SUR¬ 
FACES  OF  ELECTRICAL  CONNECT¬ 
ORS,  COAXIAL  CONNECTORS, 
PLUGS,  OR  RECEPTACLES. 

DO  NOT  dSE  AROUND  OXYGEN, 
OXYGEN  FITTINGS,  OR  OXYGEN 
REGULATORS,  SINCE  FIRE  OR 
EXPLOSION  MAY  RESULT. 

CAN  BE  REMOVED  WITH  DRY 
CLEANING  SOLVENT,  P-D-680, 
TYPE  II  OR  ISOPROPYL 
ALCOHOL,  TT-I-735. 

NOT  INTENDED  FOR  USE  ON 
INTERIOR  SURFACES  OF 
AVIONIC  EQUIPMENT. 

DO  NOT  USE  ON  INl’ERIOR  SUR¬ 
FACES  OF  ELECTRICAL  CONNECT¬ 
ORS,  COAXIAL  CONNECTORS, 
PLUGS,  OR  RECEPTACLES. 

DO  NOT  USE  AROUND  OXYGEN, 
OXYGEN  FITTINGS,  OR  OXYGEN 
REGULATORS,  SINCE  FIRE  OR 
OR  EXPLOSION  MAY  RESULT. 

CAN  BE  REMOVED  WITH  DRY 
CLEANING  SOLVENT,  P-D-680, 
TYPE  II. 

MUST  BE  APPLIED  OVER  WATER- 
DISPLACING  CORROSION  PREVEN¬ 
TIVE  COMPOUND,  MIL-C-81309, 
TYPE  II,  TO  ACCOMPLISH  A 
COMPLETE  "WATER-DISPLACING 
AND  PRESERVATIVE  SYSTEM" 

ON  ALL  AREAS  EXPOSED  TO 
ELEMENTS  AND  MOISTURE. 
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1 . 0  Introduction 
1 . 1  Background 

Under  present  service  conditions.  Air  Force  aircraft  and 
weapon  systems  are  experiencing  corrosion  between  metal  surfaces 
such  as  joints.  This  problem  is  two-fold.  First,  corrosion 
between  metal  surfaces  in  existing  aircraft  and  weapon  systems 
create  structural  weaknesses  which  undermine  the  effectiveness 
of  structure.  Secondly,  the  corrosive  process  produces  non- 
conductive  products  which  destroy  the  nuclear-hardening  capabil¬ 
ity  of  the  structure. 

At  present,  the  Type  3,  MIL-C-5541,  chemical  conversion 
coating  procedure  used  on  aluminum  surfaces  is  the  only  protec¬ 
tive  finish  that  meets  the  existing  electromagnetic  pulse  (EMP)/ 
electromagnetic  interference  (EMI)  requirements.  However,  this 
method  allows  moisture  to  be  trapped  between  two  metal  surfaces 
which  causes  corrosion  of  the  surfaces.  The  products  of  cor¬ 
rosion  are  non-conductive  materials  which  increase  the  electrical 
resistance  of  the  bond  or  joint  between  surfaces,  resulting  in 
impedance  high  enough  to  destroy  the  nuclear  hardness  of  many 
aircraft  and  weapon  systems. 

From  the  above  description  of  the  problem,  it  is  apparent 
that  corrosion  protection  materials  and/or  processes  are  required 
which  are  compatible  with  the  existing  and/or  modified  nuclear- 
hardened  weapon  systems. 

A  primary  requirement  for  effective  bonding  is  that  a  low 
resistance  path  be  established  between  the  two  joined  objects. 

The  resistance  of  this  path  must  remain  low  with  use  and  with 
time.  The  limiting  value  of  resistance  at  a  particular  junction 
is  a  function  of  the  current  expected  to  pass  through  the  path. 
For  example,  where  the  bond  serves  only  to  prevent  static  charge 
buildup,  relative  high  bond  resistances,  i.e.,  above  a  few 
hundred  ohms,  may  be  acceptable.  On  the  other  hand,  bonds  for 
shock  hazard  protections  are  commonly  limited  to  0.1  ohms 
resistance.  Where  RF  interference  may  result  from  a  poor  bond 
between  equipment  and  its  mounting  surface,  the  bond  resistance 
is  limited  by  MIL-STD-5087B  to  2 . 5  milliohms. 

The  imposition  of  low  values  of  bond  resistance  helps  ensure 
that  impurities  are  removed  from  the  mating  surfaces  and  that 
sufficient  surface  contact  area  is  provided  to  establish  a 
reliable  path  for  currents  to  flow  while  limiting  voltage 
differentials  across  the  bond  junction.  It  is  these  voltage 
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differentials  that  lead  to  unwanted  energy  coupling  into  protec¬ 
ted  volumes.  It  IS  widely  recognized  that  a  low  dc  resistance  is 
not  a  reliable  indicator  of  the  performance  of  the  bond  at  high 
frequencies  such  as  those  in  the  upper  portions  of  the  EMP 
spectrum,  above  the  hf  communications  band,  and  in  the  radar 
bands.  Inherent  conductor  inductance  and  stray  capacitance, 
along  w’ith  the  associated  standing  wave  effects  and  path  resonan¬ 
ces,  will  determine  the  total  impedance  of  the  bo,nd.  An  addi¬ 
tional  factor  in  bond  performance  is  the  bond  aperture  dimensions 
relative  to  the  wavelength  of  incident  energy.  As  an  example,  a 
spot  welded  bond  can  easily  meet  the  2.5  milliohm  requirement 
and,  yet,  if  the  welds  are  widely  spaced,  appreciable  electromag¬ 
netic  energy  can  reach  the  interior  of  the  bonded  region  and 
produce  upset  or  damage.  It  is  for  this  reason  that  most  EMP 
control  documents  do  not  specify  a  resistance  performance 
criterion  for  bonds  --  they,  instead,  specify  the  method  of 
construction  I'typj  cally  continuously  welded)  . 


1.2  Objectives 


What  is  generally  missing  in  the  discussion  of  bond  resis¬ 
tance  is  a  carefully  established  correlation  between  measured 
bond  resistance  and  the  shielding  effectiveness  achieved  by  the 
bond.  Clearly  such  a  correlation  needs  to  be  established. 


A  straight  forward  approach  to  validating  joint  shielding 
versus  bond  resistance  would  be  to  measure  the  shielding  effec¬ 
tiveness  of  several  bonds  having  controlled  (and  carefully 
measured)  resistance  values.  To  perform  such  an  extensive  bond 
evaluation  program  with  sufficient  depth  to  establish  adequate 
evidence  to  counter  over  decades  of  tradition  and  experience  in 
the  application  of  MIL-STD-5087B  (and  the  various  other  standards 
which  have  adopted  the  2.5  milliohm  bond  resistance  limit  either 
by  default  or  for  uniformity  of  requirements)  would  indeed 
require  a  substantial  investigative  effort  over  an  extended 
period  of  time.  In  fact,  it  is  not  possible  to  define  with 
precision  exactly  the  magnitude  or  duration  of  such  an  effort 
because  the  results  cannot  be  predicted  in  advance.  For  exam^ple, 
the  investigation  could  show  that  the  shielding  necessary  to 
provide  EMP  protection  can  only  be  realized  with  bonding  resis¬ 
tances  LESS  THA.N  2.5  milliohm,  or  it  may  show  that  adequate 
protection  is  produced  by  bonds  of  10  milliohms,  20  milliohms  or 
even  higher  resistances.  (It  should  be  pointed  out  that  there  is 
little  prior  dara  on  which  to  base  a  conclusion  in  advance  of 
substantive  measurements.) 


With  the  evident  dif.ficulty  of  achieving  the  2.5  m.illiohm,  dc 
resistance  whiie  maintaining  a  corrosion-free 


bond  for  an  extenacd  period,  there  clearly  is  a  definite  need  to 
seriously  exair.ine  the  relative  need  of  such  a  low  resistance  in 
order  to  produce  an  EMP-hardened  system.  An  iterative  approach 
was,  therefore,  taken  which  was  structured  toward  establishing  a 
carefully  planned  and  documented  technology  base  that  demon¬ 
strates  the  relationship  between  bond  dc  resistance,  corrosion 
protection  and  the  electromagnetic  protection  offered  by  the 
bond . 

The  above  efforts  required  identification  and,  ultimately, 
optimization  of  corrosion  prevention  materials  and/or  processes. 
These  materials  must  necessarily  be  capable  of  protecting  metal 
surfaces  from  air/moisture  corrosion  over  a  specified  period  of 
time.  In  addition,  electrically  conductive  corrosion  prevention 
materials  that  are  capable  of  maintaining  nuclear-hardening 
capabilities  of  weapon  systems  needed  to  be  identified. 

With  these  capabilities,  existing  weapon  systems  can  be 
protected  from  further  corrosion,  and  existing  nuclear-hardened 
weaj-on  systems  can  be  retrofitted  with  a  corrosion  prevention 
material . 


2.0  Assessment  of  the  Validity  of  the  MIL-B-5087B  Class  R 

Bonding 

The  electrical  bonding  requirements  for  limiting  RF  poten¬ 
tials  (Class  R  bonding)  as  set  forth  in  MIL-B-5087B,  "Military 
Specification  —  Bonding,  Electrical  and  Lightning  Protection  for 
Aerospace  Systems,"  require  that  the  vehicle  skin  be  designed  to 
produce  a  uniform  low-impedance  surface  through  inherent  RF 
bonding  and  that  the  contractor  demonstrate  by  test  that  the 
bonding  method  results  in  a  dc  resistance  of  less  than  2.5 
milliohms.  In  addition,  current  Air  Force  design  practice  (per 
AFSC  Design  Handbook  DH  1-4,  Design  Note  5D1)  requires  the 
contractor  to  meet  the  conductivity  requirements  independent  of 
the  use  of  conductive  fasteners,  thereby  necessitating  intimate 
metal-to-metal  contact.  Consequently,  the  finishes  which  are 
commonly  used  to  meet  existing  electromagnetic  pulse  (EMP)/ 
electromagnetic  interference  (EMI)  requirements  for  aluminum 
surfaces  are  tin  plating  or  MIL-C-5541,  Type  3  chemical  conver¬ 
sion  coatings.  However,  these  methods  allow  moisture  to  be 
trapped  between  metal  surfaces  which  can  lead  to  severe  corrosion 
problems  in  the  field.  Corrosion  between  metal  surfaces  has 
reportedly  been  so  severe  as  to  create  structural  weaknesses 
which  undermine  the  effectiveness  of  the  structure  Further, 

the  products  of  corrosion  are  nonconductive  materials  which 
increase  the  electrical  resistance/impedance  of  the  bond  and, 
thus,  can  destroy  the  nuclear  hardness  of  aircraft  and  weapon 
systems . 
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used  tc  reduce  r.crrosi  m  beevr  Layir'c  s..  rf  acre, .  F  urthernore  , 
the  use  of  ccc.d.iirc:  v<-  sc.iiando  could  enable  c  lev  resistance  and 
effective  bond  ^  r  o'.r,  eie'-trical  y  and  ir.ec'.an  i  cal  1  y ;  to  r.e  main¬ 
tained  over  I'le  c'uful  l.;.re  ot  roe  weapon  cvnCon .  Tneretor  a 
study  was  u'-.-ieri  a  K ec  do: 

1.  GRter~:n.'  tlr.-  '■■-..is  and  rati^'  •  c  behind  the  2.5 
Tril^iobir;  oo.-vdinq  r.  equ  i  remen'  , 

2.  decprr.ins  mar'or-o.hip  (il  ..  •  between  the  dc 

r  cs  i"‘V- incc  anrl  Etn/TbP  harci'.n‘'s  ^  bonaed  joint,  and 

3.  pierfom-.  measurements  to  determine  the  ef  feces  of 
weatherinc  on  the  dc  .  "-s is jc.ce  c.nd  E'r-'L  /EKP  hardness  of 
alur  iriur  'jclrits  bended  with  n-.:  vithor,^  the  use  of 
conductive  sealant  materials. 


2.1  Basis/Path  onai e  Behind  the  2.5  Millinhm  Bonding  Requirement 

The  basis  and  rationale  behind  the  2.7-  milliohm  requirement 
given  in  MIL-fc-50E7P  for  Class  R  bonding  was  investigated.  A 
thorough  reviev/  cf  no.nd  no  -  related  docum.ents  was  undertaken,  and 
valuabi‘='  inf orma-^.irn  was  -.I'-o  obtair-id  from  personal  ccmrunica- 
tions  with  inui  vidua  .s  involved  with  t’-^e  development  of  the 
original  MI-~P-r>03''  bonding  specification.  The  most  useful 
information  cem-c  f'-o~  a?.S' .ussions  with  Mr.  c.  E.  Seth  of  Wright 
Patterson  .Air  Force  Ba.se,  Aeronautical  Systems  Division  (WPAFB/ 
ASD)  .  WPAFB/Aur  was  trie  onsrodi.-n  of  the  original  MIL-B-5087 
specification,  and  Jlr.  Seti;  war-,  involved  in  the  development  of 
this  specif  1  cati on  from  its  inception.  Mucr.  f  the  information 
with  regard  tc  the  original  purp.ose  and  it. tent  of  the  2.5 
milliohm  requirement  was  obtairwi  from,  Mi.  .^eth  of  WPAFB/ASD. 

The  crigina.l  ^ni'pcse  cf  the  2.5  riillichr;  requirement  w-as  to 
ensure  adequate  bn.  .ting  of  metal  joints  to  provide  lightning 
protectxon,  RF  .s,t  . .  v  d  •.  r.--,  end  system  elect  romagne f  ic  com.pat ibil ity 
(EMC)  .  The  rationale  behir.d  ■^his  requ  ire;,  was  that,  the  2.5 
milliohm  dc  rs'iist.-ince  w.as  a  va'U'e  that: 
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One  of  the  oldest  cited  references  to  the  2.5  milliohm 
resistance  limit  is  Volume  I  of  a  report  prepared  in  1964  by  the 
Filtron  Company,  Inc.,  for  the  U.  S.  Army  Electronics  Laborator¬ 
ies.  This  report,  which  is  entitled,  "Interference  Reduction 
Guide  for  Design  Engineers,"  states  on  pages  2-20  that,  "The  dc 
resistance  of  an  adequate  bond  should  be  between  0.00025  and 
0.0025  ohm."  No  further  rationale  is  provided  for  the  recom¬ 
mended  range  of  dc  resistances.  However,  the  authors  do  concede 
that  "The  effectiveness  of  a  bond  at  radio  frequencies  is  neither 
fully  dependent  upon  nor  measurable  only  in  terms  of  its  dc 
electrical  resistance;  especially  at  high  frequencies..."  and 
that  dc  measurements  are  employed  since  "...it  is  more  convenient 
to  measure  the  dc  resistance  rather  than  the  ac  impedance  of  a 
bond . . . " . 

The  overall  role  and  function  of  bonding  is  discussed  in 
Design  Note  5D1  of  AFSC  DH  1-4: 

"Electrical  bonding  is  the  process  of  mechanically 
connecting  certain  metal  parts  so  that  they  will  make  a 
good  low-resistance  electrical  contact.  Bonding  is 
required  to  ensure  that  a  system  is  electrically  stable 
and  relatively  free  from  the  hazards  of  lightning, 
static  discharge,  and  electrical  shock  and  to  assist  in 
the  suppression  of  RF  interference.  Usually,  the 
resistance  of  electrical  bonds  should  be  in  the  order 
of  0.0025  ohm." 


The  implication  that  a  2.5  milliohm  dc  resistance  is  necessary 
for  adequate  bonding  is  cited  over  and  over  again  in  the  litera¬ 
ture.  However,  no  technical  basis  is  given  for  this  particular 
resistance  value. 

The  2.5  milliohm  bonding  requirement  specified  in  MIL-B- 
5087B  pertains  to  Class  R  bonds  whose  function  is  to  limit  RF 
potentials.  Different  dc  resistance  values  are  specified  for 
other  bond  classifications  depending  on  their  primary  function. 
These  requirements  are  summarized  in  MIL-HDBK-253 ,  "Guidance  for 
the  Design  and  Test  of  Systems  Protected  Against  the  Effects  of 
Electromagnetic  Energy,"  on  page  15,  which  states: 

"Measurement  of  the  dc  resistance  of  a  bond  is  often 
used  as  a  guide  to  the  anticipated  performance  of  the 
bond.  Depending  on  the  purpose  of  the  bond,  some 
military  documents  specify  the  maximum  dc  resistance 
allowable  for  a  good  bond.  For  example,  bonds  that  are 
installed  to  prevent  shock  hazards  are  required  by  both 
MIL-B-5087  and  MIL-STD-1310  to  have  a  resistance  of 
less  than  0.1  ohm.  Bonds  for  RF  purposes  are  required 
by  MIL-B-5087  to  have  a  resistance  of  less  than  2.5 
milliohm.  Additionally,  in  areas  prone  to  explosion  or 


fire  hazards,  maximum  values  of  bond  resistances  are 
designated;  these  values  are  a  function  of  anticipated 
maximum  fault  current  in  the  event  a  power  line  to  ground 
short  occurs.  A  guideline  as  far  as  a  good  RF  bond  is 
concerned  is  a  dc  resistance  value  of  between  0.25  and  2.5 
milliohm. " 

Again,  the  same  range  of  dc  resistance  values  (0.25  to  2.5 
milliohm) ,  as  in  the  Filtron  report,  are  recommended  for  adequate 
bonding . 

Several  other  documents,  in  addition  to  MIL-HDBK-253 ,  AFSC 
DH  1-4  and  the  Filtron  report,  also  specify  the  2.5  milliohm 
bonding  resistance  or  reference  MIL-B-5087B.  These  documents 
include  North  Atlantic  Treaty  Organization  (NATO)  Standardization 
Agreement  No.  3659,  MIL-STD-462,  MIL-STD-13 10 ,  MIL-STD-1512 ,  MIL- 
STD-1541,  MIL-STD-4544  and  MIL-E-6051D. 

In  summary,  a  large  number  of  documents  have  been  reviewed 
which  appear  to  substantiate  the  information  obtained  from  the 
personal  communications.  Based  on  these  sources  of  information, 
it  is  concluded  that  the  2.5  milliohm  bonding  requirement  arose, 
not  from  a  theoretically  or  empirically  derived  basis,  but  from  a 
practical  standpoint  and  as  a  means  for  ensuring  proper  bond 
preparation  and  assembly. 

2 . 2  Investigation  of  the  Relationship  Between  DC  Resistance  and 
Shielding  Effectiveness 

An  essential  ingredient  of  EMP  hardening,  particularly  for 
airborne  systems,  is  electromagnetic  shielding.  In  practice, 
shields  are  rarely  formed  of  single,  continuous  sheets  of  metal. 
Sheets  must  be  joined  together  to  form  the  shield,  and  the  joints 
must  be  properly  bonded  to  provide  desirable  shielding  perfor¬ 
mance  over  a  broad  frequency  range.  Electromagnetic  shielding 
effectiveness  was,  therefore,  selected  as  the  measure  of  bond 
effectiveness  with  regard  to  EMI/EMP  hardness.  A  stainless  steel 
test  joint  was  fabricated,  and  the  electromagnetic  shielding 
effectiveness  of  the  test  joint  was  measured  as  a  function  of  dc 
resistance.  The  stainless  steel  test  joint,  dc  resistance 
measurements,  shielding  effectiveness  measurements  and  the 
measurement  results  are  described  below. 

2.2.1  Stainless  Steel  Test  Joint  for  DC  Resistance  Measurements 

In  order  to  determine  the  relationship,  if  any,  between  dc 
resistance  and  shielding  effectiveness,  a  specialized  test  joint 
was  designed  and  fabricated.  The  test  joint  was  constructed  out 
of  No.  316  stainless  steel  rather  than  aluminum  because  of  the 
superior  ability  of  stainless  steel  to  withstand  atmospheric 


c 


corrosion.  A  sketch  of  the  stainless  steel  test  joint  is  shown 
in  Figure  1.  The  back  plate  of  the  test  ^oint  was  designed  to 
conform  with  the  flange  area  of  the  shielding  effectiveness  test 
box  (described  in  Section  2.2.3).  Dielectric  washers  were  used 
to  insulate  the  screw  fasteners  from  the  top  metal  plate  and  to 
allow  a  fixed  separation  to  be  maintained  between  the  plates. 

The  use  of  dielectric  washers  allowed  the  resistance  between  the 
plates  to  be  controlled  by  the  bulk  conductivity  of  a  conductive 
sealant  material  which  was  applied  in  the  3/4  inch  overlap  area 
between  the  plates.  Cylindrical  metal  posts  were  welded  onto 
each  plate  to  facilitate  the  dc  resistance  measurements. 

A  front  view  of  the  stainless  steel  test  joint  is  shown  in 
Figure  2.  The  two  overlapping  plates  connected  with  screw 
fasteners  are  visible  as  are  the  two  metal  posts  used  for  the 
resistance  measurements.  Rear  and  side  views  of  the  stainless 
steel  test  joint  are  shown  in  Figures  3  and  4,  respectively. 
During  resistance  and  shielding  effectiveness  tests,  the  air  gap 
(visible  in  the  side  view  of  Figure  4)  was  filled  with  conductive 
sealant  of  varying  resistivity. 

The  conductive  sealants  listed  in  Table  1  were  formulated  to 
yield  a  wide  range  of  resistance  values  above  and  below  2.5 
milliohms.  These  materials  consist  of  silver  powder  dispersed  in 
urethane  resins  at  different  volume  loadings  to  vary  the  resis¬ 
tivity.  Sealant  1  is  a  two-part  urethane,  whereas  the  other  four 
sealant  types  are  moisture-cure  urethanes.  Each  sealant  was 
applied  to  the  stainless  steel  test  joint,  cured  as  required,  and 
subsequently  measured  for  electrical  resistance  and  shielding 
effectiveness.  (These  sealant  types  are  not  intended  for  actual 
use  on  aircraft  as  silver  will  corrode  aluminum  in  the  presence 
of  moisture.) 

2.2.2  DC  Resistance  Measurements 

The  dc  resistance  of  the  various  conductive  sealant  test 
samples  were  measured  with  a  double  Kelvin  bridge  milliohmmeter . 
The  double  Kelvin  bridge  is  a  four  terminal  instrument  which  is 
capable  of  accurately  measuring  very  small  resistance  values  (in 
this  case,  as  low  as  0.1  milliohms).  For  resistance  values 
greater  than  1  ohm,  the  terminals  of  the  milliohmmeter  were 
clipped  or  contacted  directly  to  the  metal  plates  of  the  test 
joint  in  order  to  remove  the  additional  resistance  associated 
with  the  bonded  posts  from  the  measurement.  All  resistance 
measurements  were  made  after  the  sealant  material  had  cured  so 
that  the  resistance  value  did  not  vary  appreciably  with  time. 

The  shielding  effectiveness  tests  were  run  immediately  after  the 
resistance  measurements  were  completed. 
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Note  that  in  some  instances  it  may  be  desirable  tc  know  the 
resistance  per  unit  area  of  the  test  samples.  For  the  test 
joints  used  on  this  program,  the  overlap  area  between  the  plates 
in  which  the  sealant  materials  were  loaded  was  approximately  18.0 
square  inches.  Therefore,  the  resistance  per  unit  area  for  any 
of  the  test  samples  measured  on  this  program  may  be  calculated 
simply  by  dividing  the  resistance  value  in  milliohms  by  18.0  to 
get  the  value  in  units  of  milliohms/in^ . 


2.2.3 


Shielding  Effectiveness  Measuremerft-s 


The  shielding  effectiveness  of  the  test  joint  samples  was 
evaluated  as  a  measure  of  the  EMI/EMP  hardness  of  the  bonded 
joint.  The  shielding  effectiveness  of  each  test  sample  was 
determined  as  the  difference  (in  dB)  between  the  electromagnetic 
field  coupled  through  an  aperture  with  and  without  the  sample 
present  over  the  aperture.  (This  measurement  technique  conforms 
to  the  basic  procedure  set  forth  in  MIL-STD-285  (2).)  A  block 
diagram  of  the  test  setup  used  to  make  the  shielding  effective¬ 
ness  measurements  is  illustrated  in  Figure  5.  This  test  setup 
enabled  accurate  and  repeatable  swept  frequency  measurements  to 
be  made  on  the  test  joint  samples  over  the  500-1000  MHz  frequency 
range . 

A  transmitting  antenna  ( capacitively-loaded  dipole)  was 
placed  in  the  center  of  a  shielding  effectiveness  test  enclosure, 
and  a  receiving  antenna  (log  conical  spiral)  was  positioned 
outside  of  the  test  enclosure  at  a  distance  (5-1/2  feet)  which 
meets  the  far-field  criterion  over  the  entire  test  frequency 
range.  The  log  conical  spiral  receiving  antenna  was  directed 
towards  a  6  inch  square  aperture  located  in  one  wall  of  the 
enclosure.  The  purpose  of  the  test  chamber  was  to  isolate  the 
transmitting  and  receiving  antennas  so  that  the  only  coupling 
between  them  was  through  the  aperture.  To  minimize  unwanted 
coupling,  all  permanent  seams  of  the  test  enclosure  were  welded, 
and  finger  stock  wa_  installed  around  the  lid  of  the  enclosure 
and  around  the  periphery  of  the  test  panel  port  (aperture) .  The 
inside  of  the  test  enclosure  was  lined  with  ferrite  absorbing 
tiles  which  served  to  dampen  enclosure  resonances  and  to  simulate 
free  space  conditions  for  the  transmitting  antenna. 

The  test  joint  was  fastened  to  the  test  enclosure  and 
electromagnetically  sealed  by  three  rows  of  finger  stock  located 
on  the  enclosure  flange  area.  Conductive  copper  tape  was  also 
applied  around  the  periphery  of  the  test  sample  as  an  additional 
precautionary  measure  to  prevent  the  electromagnetic  field  from 
leaking  round,  rather  than  through,  the  test  sample.  A  6-dB 
attenuator  was  used  at  the  transmitting  antenna  input  port  to 
ensure  a  stable  50-ohm  impedance  at  the  power  amplifier  output. 

A  tracking  generator  was  used  in  conjunction  with  a  spectrum 
analyzer  to  provide  the  swept  frequency  output  source  and 


receiver.  (The  tracking  generator  derives  its  output  signal 
from  the  first  and  third  local  oscillator  outputs  of  the  spectrum 
analyzer.)  A  10-dB  pad  was  used  to  attenuate  the  nominal  0  dBm 
output  signal  level  of  the  tracking  generator  to  approximately 
-10  dBm  at  the  power  amplifier  input.  The  power  amplifier 
provides  approximately  46  dB  of  RF  gam  which  corresponds  to  4 
watts  output  power  with  -10  dBm  input  power.  A  low  noise,  high 
gain  amplifier  (noise  figure  =  2  dB;  gain  =  35  dB)  was  used  to 
improve  the  sensitivity  of  the  spectrum  analyzer  and  tnereby 
increase  the  overall  dynamic  range. 

To  isolate  the  test  setup  from  the  external  electromagnetic 
environment  and  to  minimize  errors  due  to  ground  and/or  wall 
reflections,  the  test  enclosure  and  receiving  antenna  were 
located  in  a  shielded  anechoic  chamber.  The  isolation  charac¬ 
teristics  of  this  chamber  were  100  dB  or  greater  over  the 
frequency  range  of  10  MHz  to  1000  MHz  and  absorption  was  effec¬ 
tive  for  RF  frequencies  greater  than  300  MHz.  The  test  enclosure 
was  connected  to  the  outside  of  the  anechoic  chamber  via  a  1/2 
inch  copper  pipe/flange  assembly,  and  a  coaxial  cable  routed 
through  the  copper  pipe  connected  the  power  amplifier  outside  the 
enclosure  to  the  attenuator  and  transmitting  antenna  located 
inside  the  test  enclosure.  This  cable  routing  configuration  was 
used  to  prevent  RF  energy  leaking  from  the  coaxial  cable  from 
coupling  to  the  receiving  antenna  and  swamping  the  signal  which 
was  coupled  through  the  test  sample.  In  this  way,  a  dynamic 
range  of  approximately  100  dB  was  achieved.  (The  dynamic  range 
of  the  test  setup  was  the  ratio  of  the  signal  level  coupled  to 
the  receiving  antenna  with  the  aperture  open  to  the  signal  level 
received  with  a  thick  metal  plate  fastened  over  the  aperture.) 

2.2.4  Measurement  Results  on  the  Relationship  Between  DC 
Resistance  and  Shielding  Effectiveness 

A  composite  plot  of  the  shielding  effectiveness  versus 
frequency  for  a  variety  of  sample  resistance  values  is  shown  in 
Figure  6.  The  shielding  effectiveness  measurement  results  for 
the  complete  set  of  sealant  samples  would  be  too  cluttered  to  fit 
on  a  single  composite  plot.  Note  from  Figure  6  that,  in  general, 
(1)  shielding  effectiveness  increases  as  dc  resistance  decreases, 
and  (2)  shielding  effectiveness  is  not  a  strong  function  of 
frequency  over  the  500-1000  MHz  test  frequency  range  (except  for 
the  very  low  resistance  samples  which  has  high  shielding  effec¬ 
tiveness  values  near  the  dynamic  range  of  the  test  system) .  For 
these  very  low  resistance  samples,  a  stronger  frequency  depen¬ 
dence  was  noted  due  to  frequency  dependent  leakage  paths  which 
are  significant  at  the  higher  shielding  effectiveness  values  but 
insignificant  at  the  lower  shielding  values. 

In  order  to  sumonarize  the  findings  on  a  simple  2-dimensional 
plot,  the  shielding  effectiveness  versus  frequency  curves  were 
reduced  to  an  average  shielding  effectiveness  value  in  dB  (i.e.. 


the  frequency  average  of  the  logarithmic  shielding  values)  and 
then  all  of  the  average  values  were  plotted  on  a  graph  of 
shielding  effectiveness  versus  dc  resistance. 

The  resulting  plot  of  the  (average)  shielding  effectiveness 
versus  dc  resistance  is  illustrated  in  Figure  7.  First,  note 
that  there  appears  to  be  a  limiting  shielding  effectiveness  value 
for  the  high  resistance  samples  which  corresponds  to  a  minimum 
shielding  effectiveness  of  approximately  35  dB.  This  "minimum" 
shielding  effectiveness  value  is  a  function  of  the  test  frequency 
range,  the  electromagnetic  wave  impedance  and,  as  will  be  later 
demonstrated,  the  particular  test  joint  geometry  used.  Second, 
note  that  there  also  appears  to  be  a  limiting  shielding  effec¬ 
tiveness  value  for  the  low  resistance  samples  which  corresponds 
to  a  maximum  shielding  effectiveness  of  approximately  105  dB. 
Closer  scrutiny  of  the  data  indicates  that  this  "maximum" 
shielding  effectiveness  value  in  some  instances  occurs  due  to  a 
limitation  in  the  test  sample  (i.e.,  RF  leakage)  but  in  other 
instances  results  from  the  limited  dynamic  range  of  the  test 
system.  And,  finally,  note  the  sharp  decrease  in  shielding 
effectiveness  from  approximately  105  dB  to  approximately  55  dB  as 
the  dc  resistance  of  the  test  sample  increases  from  approximate¬ 
ly  2,5  milliohms  to  approximately  100  milliohms.  Although  the 
test  results  presented  here  represent  only  one  test  joint 
geometry  and  one  electromagnetic  test  environment,  the  data  of 
Figure  7  strongly  suggest  that  relaxation  of  the  2.5  milliohm 
requirement  could  result  in  a  significant  reduction  of  the 
EMI/EMP  hardness  of  aircraft  and  weapons  systems. 

It  should  be  emphasized  that  the  data  presented  here  by  no 
means  is  intended  to  imply  that  a  low  dc  resistance  is  the  only 
requirement  for  a  quality  bond  from  an  EMI/EMP  hardness  perspec¬ 
tive.  To  demonstrate  this  point,  the  test  joint  was  modified  by 
removing  the  insulating  washers  to  allow  the  screw  fasteners  to 
establish  dc  electrical  continuity  between  the  metal  plates.  The 
resulting  dc  resistance  of  the  test  sample  without  a  conductive 
sealant  in  the  flange  area  was  extremely  low  (<0.1  milliohms) 
whereas,  as  can  be  seen  from  Figure  8,  the  shielding  effective¬ 
ness  was  generally  very  poor  and  frequency  sensitive.  This 
example  clearly  shows  that  a  low  dc  resistance  value  is  not 
sufficient  for  good  shielding  effectiveness  and  that  electrical 
continuity  must  be  obtained  across  the  entire  joint  area  (result¬ 
ing  in  low  RF  bonding  impedance)  for  effective  shielding  over  a 
broad  frequency  range.  This  requirement  is  not  necessarily  met 
by  a  low  dc  resistance  value  nor  can  it  be  verified  solely  by  a 
dc  resistance  measurement. 

2.2.5  Effect  of  Plate  Separation  on  Shielding  Effectiveness 

A  brief  experiment  was  conducted  to  demonstrate  the  in¬ 
fluence  of  the  test  joint  geometry  on  the  shielding  effectiveness 
test  results.  The  experiment  consisted  of  measuring  the  shield- 
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ing  effectiveness  of  the  test  joint  without  conductive  sealants 
while  varying  the  separation  distance  between  the  metal  plates. 
Fixed  separation  distances  were  obtained  by  placing  one  or  more 
mylar  sheets  (minimum  thickness  =  0.1  mm)  in  the  flange  area 
between  the  plates.  The  tests  were  run  with  0.1,  0.3,  0.95  and 
2 . 5  mm  plate  separation  distances,  respectively. 

Figure  9  shows  a  composite  plot  of  the  average  (over 
frequency)  shielding  effectiveness  values  for  the  various  plate 
separationdistances .  Note  that  the  shielding  effectiveness  is 
inversely  proportional  to  the  plate  separation  distance.  Ap¬ 
proximately  15  dB  decrease  in  shielding  effectiveness  was 
measured  per  decade  increase  in  plate  separation  distance  over 
the  range  of  plate  separation  distances  evaluated.  (Intuitively, 
a  20  dB  per  decade  roll  off  could  be  expected  from  the  capaci¬ 
tance  between  the  plates  neglecting  fringing  ter.Tis.  Fringing 
terms  could  reduce  the  slope  of  the  roll  off  scmewhat  since  these 
terms  become  more  significant  at  greater  separation  distances.) 
Also  note  that  the  data  from  Figure  7  was  generated  with  a 
dielectric  spacer  around  each  screw  fastener  which  maintained  a 
fixed  30  mil  spacing  between  the  plates.  The  limiting  value  for 
the  high  resistance  test  samples  was  approximately  35  dB,  which 
falls  very  near  the  curve  shown  in  Figure  9  for  a  0.76  mm  (30 
mil)  plate  separation  distance. 

2.3  Summary  and  Conclusions  on  Validity  of  2.5  Milliohm  Bonding 

Requirement 

In  summary,  the  basis  and  rationale  behind  the  2.5  milliohm 
bonding  requirement  in  MIL-B-5087  has  been  determined  from  an 
extensive  literature  review  and  from  information  obtained  through 
personal  communications  with  individuals  involved  with  the  devel¬ 
opment  of  the  original  MIL-B-5087  specification.  The  2.5 
milliohm  bonding  requirement  arose  not  from  a  theoretically  or 
empirically  derived  basis  but  from  a  practical  standpoint  and  as 
a  means  for  enforcing  proper  bond  preparation  and  assembly.  The 
relationship  between  dc  resistance  and  shielding  effectiveness 
has  been  investigated  with  the  use  of  a  specialized  test  joint 
filled  with  conductive  sealants  of  varying  resistivities  to 
obtain  the  desired  range  of  dc  resistance  values.  The  effect  of 
the  test  joint  geometry,  in  particular  the  effect  of  the  plate 
separation  distance,  on  shielding  effectiveness  was  also  evalua¬ 
ted.  Although  the  data  collected  is  by  no  means  all  encompass¬ 
ing,  it  strongly  suggests  that  relaxing  the  2.5  milliohm  require¬ 
ment  could  seriously  degrade  the  EMI/EMP  hardness  of  military 
aircraft  and  weapon  systems. 
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3.0  Identification  and  Evaluation  of  Optimum  Sealant  Materials 

The  objective  of  this  task  was  to  identify  and  evaluate 
optimum  corrosion  prevention  materials  for  use  on  nuclear 
hardened  aircraft  and  weapon  systems.  New  test  joints  were 
designed  and  fabricated  out  of  7075  aluminum  and  fastened  using 
realistic  torque  values.  The  aluminum  test  joints  were  loaded 
with  the  top  candidate  sealant  materials  and  weathered  in  a  salt 
fog  environment  according  to  ASTM  B117  .  The  dc  resistance 

and  shielding  effectiveness  of  the  test  joints  were  measured 
before  weathering  tests  began  and  periodically  during  the 
weathering  tests  to  monitor  the  corrosion  effects  on  the  electri¬ 
cal  and  electromagnetic  performance  of  the  bonds.  In  addition, 
control  joints  (no  sealant)  were  weathered  and  tested  simul¬ 
taneously  to  compare  the  relative  merit  of  the  selected  sealant 
materials . 


3 . 1  Identification  of  Materials 

A  variety  of  conductive  sealant  materials  was  considered  for 
use  as  optimum  compromises  between  EMI/EMP  hardness  and  corrosion 
prevention.  The  use  of  metal  coated  glass  spheres  was  considered 
early  in  the  program.  However,  it  was  later  learned  that  these 
materials  are  not  suitable  for  aircraft  structural  type  sealants 
for  the  following  reasons; 

1.  The  number  of  contact  points  between  spheres  is  small 
compared  to  that  for  irregular  shaped  particles.  The 
greater  the  number  of  contact  points,  the  less  damage 
likely  to  be  experienced  from  vibration. 

2.  During  normal  stresses  from  aircraft,  vibration  can  cause 
shearing  through  the  thin  metal  coating  on  the  spheres 
which  will  destroy  the  current  path. 

3.  Temporary  current  overload  or  pulsing,  such  as  could  be 
induced  by  lightning  or  nuclear  EMP,  can  damage  the 
coating  (as  shown  in  Figure  10) . 

Pure  silver  powders  and  flakes  are  highly  desirable  conductive 
particles  from  an  electrical  performance  point  of  view  for  use  in 
EMI  gaskets,  compounds,  coatings  and  adhesives.  However,  the 
metal's  relatively  high  density,  constantly  fluctuating  cost  and 
potential  for  galvanic  corrosion  with  many  substrate  materials 
often  prohibit  its  use.  To  overcome  these  problems,  the  EMI 
industry  has  developed  hybrid  particles  that  offer  the  beneficial 
conductivity  characteristics  of  silver,  yet  minimize  or  negate 
the  drawbacks  concerning  density,  cost  and  galvanic  corrosion. 

For  aluminum  substrates,  a  particularly  promising  material  which 
was  identified  was  silver  coated  aluminum.  This  hybrid  material. 


produced  by  coating  a  thin  layer  of  silver  on  the  surface  of 
aluminum  particles,  has  a  galvanic  potential  very  near  that  of 
aluminum  (see  Table  2)  and,  thus,  was  expected  to  have  superior 
corrosion  characteristics  when  used  on  aluminum  substrates. 

The  final  list  of  conductive  sealant  materials  which 
appeared  to  be  most  promising  for  meeting  the  program  objectives 
are  shown  in  Table  3.  These  five  conductive  sealant  materials 
were  therefore  selected  for  evaluation  under  accelerated  environ¬ 
mental  test  conditions.  A  salt  fog  exposure  environment  per  ASTM 
B117  was  selected  to  simulate  accelerated  weathering  conditions. 
The  dc  resistance  and  shielding  effectiveness  of  the  test  joints 
and  the  control  joints  were  measured  before  weathering  tests 
began  and  periodically  during  the  weathering  tests  to  determine 
the  relative  degradation  in  electrical  performance  as  a  function 
of  exposure  time  in  the  salt  fog  environment. 

3.2  Evaluation  of  Conductive  Sealants  in  Salt  Spray  Chamber, 

ASTM  B117 

DC  resistance  measurements  were  performed  on  all  five 
conductive  sealant  types  shown  in  Table  4  at  24  hour  time 
intervals  during  the  salt  fog  exposure  testing.  Shielding 
effectiveness  measurements  were  made  on  the  stainless  steel- 
filled  polysulfide  sealant  (Products  Research  Proseal  RW2-28-71) 
and  the  aluminum-filled  polyurethane  RTV  sealant  (Chomerics 
#43429-252)  at  approximately  one  week  time  intervals  during  the 
accelerated  environmental  exposure  testing.  A  description  of 
the  aluminum  test  joints  and  the  results  of  the  dc  resistance  and 
shielding  effectiveness  measurements  are  presented  below. 

3.2.1  Aluminum  Test  Joints 

Five  aluminum  test  joints  were  fabricated  for  use  in  the 
weathering  study.  The  test  joints  were  designed  and  constructed 
to  fit  on  the  shielding  effectiveness  test  enclosure  while  being 
representative  of  actual  joints  located  on  the  skin  of  military 
aircraft  and  missile  systems.  The  material  chosen  for  the  test 
joints  was  standard  aircraft  7075,  T6  aluminum  certified  per 
Federal  Specification  QQ-A-250/12.  The  7075  aluminum  was  chosen 
because  it  is  a  common  aircraft  type  of  aluminum  and  is  most 
prone  to  corrosion  compared  to  other  types  of  aluminum.  The 
design  of  the  aluminum  test  joints  was  identical  to  that  of  the 
stainless  steel  test  joint  with  two  exceptions: 

1.  rather  than  being  threaded,  the  back  plate  had  counter¬ 
sunk  holes  to  allow  screw/nut  fasteners  (described  in 
MIL-STD-QQS267 )  to  be  used,  and 


2.  no  dielectric  spacers  were  used  between  the  plates. 

The  cover  and  base  plates  of  the  joint  assembly  are  shown  in 
Figure  11.  The  fastener  assembly,  composed  of  C316  stainless 
steel  screw,  silicone  tubing  "boot,"  nylon  washer,  stainless 
steel  washer  and  stainless  steel  nut,  is  shown  in  Figure  12. 

The  screw  fasteners  are  electrically  insulated  from  the  test 
joint  to  enable  the  metal-to-metal  joint  to  establish  the 
electrical  conductivity  and  to  prevent  a  galvanic  cell  from  being 
created  between  the  stainless  steel  fasteners  and  the  aluminum 
plates.  The  conductive  sealant  was  applied  to  the  base  plate  of 
the  test  joint  as  shown  in  Figure  13.  The  cover  plate  was  then 
fastened  to  the  base  plate  with  the  screw  fastener  assembly  and 
torgued  to  13  inch-lbs  using  a  torque  wrench,  as  illustrated  in 
Figure  14.  The  insulation  of  the  screw  fasteners  was  tested  by 
verifying  with  an  ohmmeter  than  an  "open"  connection  was  measured 
between  the  screws  and  the  cover  plate  and  between  the  nuts  and 
the  base  plate,  as  illustrated  in  Figure  15. 


3.2.2  Measurement  Results  of  DC  Resistance  Versus  Exposure  in 
Salt  Spray  Chcimber 

The  salt  spray  exposure  tests  for  each  conductive  sealant 
material  were  performed  with  the  set  of  five  aluminum  test 
joints.  Four  of  the  five  test  joints  were  loaded  with  conductive 
sealant,  and  the  other  test  joint  (called  the  control  joint)  used 
no  sealant.  Curing  of  the  sealant  was  monitored  by  measuring  the 
resistance  across  the  test  joint  with  a  double  Kelvin  bridge 
milliohmmeter ,  as  shown  in  Figure  16.  The  resistance  would 
decrease  with  time  —  typically  stabilizing  after  24  hours,  at 
which  time  the  material  was  cured.  The  lack  of  melting  transi¬ 
tions  from  differential  scanning  calorimetry  was  also  used  to 
indicate  total  cross  linking  or  curing. 

The  five  (four  sealant  and  one  control)  test  joints  were 
placed  in  an  Atlas  Salt  Spray  (Fog)  Chamber,  as  shown  in  Figure 
17,  and  exposed  to  the  environment  specified  in  ASTM  B117 .  The 
salt  spray  unit  was  operated  continuously,  and  the  resistance  of 
the  joints  was  measured  at  24  intervals.  The  overall  dc  resis¬ 
tance  versus  weathering  results  are  tabulated  in  Table  4.  Shown 
in  this  table  are  the  dc  resistance  values  (mean  and  standard 
deviation)  for  the  control  samples  and  the  sealant  sample  at  t  = 

0  and  t  =  1000  hours.  In  general,  it  can  be  seen  that: 

1.  the  conductive  sealant  samples  outperformed  the  control 
(no  sealant)  sample; 

2.  the  Ag/Al  and  stainless  steel-filled  sealants  out¬ 
performed  the  aluminum-filled  sealants,  and 
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3.  the  Ag/Al-filled  pclysilicone  RTV  sealant  had  superior  dc 
resistance  versus  weathering  characteristics  to  the  other 
materials  tested. 

Fcr  example,  the  dc  resistance  versus  salt  fog  exposure  time  for 
the  Chomerics  *1038  polysilicone  RTV  filled  with  silver-coated 
aluminum  powder  is  shown  in  Figure  18.  The  resistance  of  the 
sealed  joints  stayed  extremely  low  (on  the  order  of  0.1  mil- 
liohms) ,  whereas  the  resistance  of  the  control  joint  increased 
measurably  after  96  hours,  as  shown  in  Figure  19. 

3.2.3  Measurement  Results  of  Shielding  Effectiveness  Versus 
Exposure  in  Salt  Spray  Chamber 

Shielding  effectiveness  measurements  were  made  at  periodic 
time  intervals  on  two  of  the  five  conductive  sealant  materials 
shown  in  Table  4:  (1)  the  Al/Ni-filled  poiysulfide  sealant 

(Products  Research  Proseal  RW2-28-71)  and  (2)  the  aluminum-filled 
polyurethane  sealant  (Chomerics  #4329-25-2) .  Shielding  effec¬ 
tiveness  was  measured  over  the  500-1000  MHz  frequency  range  using 
the  test  procedure  outlined  in  Section  2.2.3. 

The  individual  shielding  effectiveness  results  were  averaged 
over  frequency  and  plotted  as  a  function  of  salt  fog  chamber 
exposure  time.  The  overall  results  for  the  Al/.Ni-filled  polysul¬ 
fide  RTV  sealant  and  the  aluminum-filled  polyurethane  RTV  sealant 
are  shown  in  Figures  20  and  21,  respectively,  which  show  the  mean 
(denoted  with  a  dot  or  star)  and  standard  deviation  (denoted  with 
a  vertical  line  and  horizontal  end  caps)  of  the  shielding 
effectiveness  data.  It  can  be  seen  from  Figure  20  that  the 
shielding  effectiveness  of  the  Al/Ni-filled  polysulfide  material 
slowly  degraded  from  approximately  95  dB  at  t  =  0  to  approximate¬ 
ly  87  dB  after  nearly  1000  hours'  exposure  time.  The  shielding 
performance  of  the  stainless  steel-filled  polysulfide  RTV  test 
samples  were  far  superior  to  the  control  samples,  which  also 
began  (at  t  =  0)  at  approximately  95  dB  but  degraded  more  rapidly 
to  approximately  68  dB  after  1000  hours  of  exposure. 

It  can  be  seen  from  Figure  21  that  the  shielding  effective¬ 
ness  of  the  aluminum-filled  polyurethane  RT\'  sealant  degraded 
from  approximately  97  dB  at  t  =  0  to  approximately  87  db  after 
only  360  hours  of  salt  fog  exposure  time.  (In  this  case,  the 
weathering  tests  were  terminated  after  360  hours  due  to  the 
presence  of  severe  corrosion  and  high  dc  resistance  readings  for 
the  test  samples.)  It  is  interesting  to  note  that,  despite  the 
presence  of  severe  corrosion  products  and  high  dc  resistance 
values,  the  shielding  effectiveness  of  the  sealant  samples 
degraded  only  10  dB.  Also  note  that  the  control  samples  had  a 
mean  value  of  shielding  effectiveness  equal  to  approximately  60 
dB  after  lOGO  hours,  despite  the  very  high  resistance  values  and 
severe  corrosion  that  took  place  in  these  joints.  The  primary 
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reason  for  these  surprisingly  high  shielding  effectiveness 
values  is  believed  to  be  the  small  separation  distance  between 
the  plates.  For  example,  extrapolating  the  curve  in  Figure  9  to 
smaller  plate  separation  distances,  the  shielding  effectiveness 
of  68  dB,  which  was  obtained  for  the  control  samples  after  1000 
hours,  could  be  obtained  with  zero  dc  conductivity  (i.e.,  an  open 
circuit  between  the  plates)  provided  that  the  plate  separation 
distance  were  on  the  order  of  5  microns.  It  should  be  noted, 
however,  that  poorer  shielding  performance  could  be  expected  at 
microwave  frequencies  unless  uniform  electrical  continuity  is 
maintained  across  the  entire  joint  to  achieve  a  low  RF  bond 
impedance . 


3 . 3  Summary  of  Optimum  Conductive  Sealant  Materials 


The  objective  of  this  task  was  to  identify  and  evaluate 
optimum  corrosion  prevention  materials  for  use  on  nuclear 
hardened  aircraft  and  weapon  systems.  New  test  joints  were 
designed  and  fabricated  out  of  7075  aluminum  and  fastened  using 
realistic  torque  values.  The  aluminum  test  joints  were  loaded 
with  five  different  sealant  materials  and  weathered  in  a  salt 
spray  environment  according  to  ASTM  B117.  The  dc  resistance  and 
shielding  effectiveness  of  selected  test  joints  were  measured 
before  weathering  tests  began  and  periodically  during  the 
weathering  tests  to  monitor  the  corrosion  effects  on  the  electri¬ 
cal  and  electromagnetic  performance  of  the  bonds.  In  addition, 
control  joints  (no  sealant)  were  weathered  and  tested  simul¬ 
taneously  to  compare  the  relative  merit  of  the  selected  sealant 
material . 


In  general,  it  was  found  that: 


the  conductive  sealant  samples  outperformed  the  control 
(no  sealant)  samples. 

The  Ag/Al  and  Al/Ni-filled  sealants  outperformed  the 
aluminum-filled  sealants,  and 

the  Ag/Al-filled  polysilicone  RTV  sealant  had  superior 
weathering  characteristics  to  the  other  materials  tests. 


Based  on  these  data,  it  is  recommended  that  aluminum  fillers  be 
avoided  and  that  either  silver-coated  aluminum  or  stainless  steel 
fillers  be  used  with  an  appropriate  matrix  (e.g.,  polysilicone 
RTV  or  polysulfide)  for  applications  with  aluminum  substrates. 

The  use  of  appropriate  conductive  sealant  materials  will  improve 
the  long  term  effectiveness  (both  structural  and  electrical)  of 
metal -to-metal  bonds  typically  found  on  exposed  surfaces  of 
military  aircraft  and  weapon  systems. 


4.0  Proposed  Changes  to  Standards,  Specification  and  Handbooks 

A  major  task  on  this  program  was  to  develop  proposed  changes 
to  military  standards,  specifications  and  handbooks  to  reflect 
the  findings  of  the  experimental  investigations.  The  implementa¬ 
tion  of  changes  to  military  standards,  specifications  and 
handbooks  is  a  lengthy  and  complex  process  requiring  inputs  and 
approvals  from  numerous  groups  and  agencies.  For  this  reason, 
the  results  of  this  task  are  proposed  changes  to  the  appropriate 
documents  which  can  then  be  used  as  inputs  to  any  modification 
proceedings.  Each  recommended  change  is  in  a  format  suitable  for 
direct  inclusion  in  the  applicable  document. 

A  large  number  of  military  standards,  specifications  and 
handbooks  were  reviewed  to  determine  appropriate  documents  for 
consideration  on  this  task.  Table  5  is  a  list  of  documents  which 
were  considered  pertinent  for  modification  on  this  task.  The 
eight  documents  identified  with  asterisks  were  selected  as  being 
most  relevant  for  developing  proposed  changes.  These  eight 
documents  were  later  finalized  through  mutual  agreement  with 
Warner  Robins  ALC/MMEMC.  Once  confirmation  was  received  from  WR- 
ALC/MMEMC,  proposed  changes  to  the  mutually  agreed  upon  documents 
were  formulated.  The  findings  and  results  of  the  other  program 
tasks  were  used  in  the  formulation  of  proposed  modifications. 

Based  on  the  results  obtained  from  the  experimental  inves¬ 
tigations,  a  relaxation  of  the  2.5  milliohm  requirement  is 
neither  justifiable  nor  does  it  appear  necessary.  The  results  of 
the  empirical  study  of  the  relationship  between  dc  resistance  and 
shielding  effectiveness  (see  Figure  6)  indicate  that  relaxation 
of  the  bonding  resistance  requirement  to  10  milliohms  could 
result  in  a  20-30  dB  reduction  in  shielding  effectiveness 
(relative  to  a  2.5  milliohm  bond)  and  that  relaxation  of  the 
bonding  resistance  to  100  milliohms  could  result  in  a  40-55  dB 
reduction  in  shielding  effectiveness.  Furthermore,  based  on  the 
empirical  study  of  the  effects  of  weathering  on  electrical 
performance  of  the  bond,  conductive  sealants  tested  from  two 
different  vendors  (Chomerics  silver-coated  aluminum-filled 
polysilicone  RTV  and  Products  Research  Corporation  Al/Ni-filled 
polysulfide)  maintained  a  bonding  resistance  well  under  the  2.5 
milliohm  requirement  with  little  or  no  corrosive  perform, ance 
degradation  after  1000  hours  in  the  salt  fog  environment  per  ASTM 
B117.  Consequently,  relaxation  of  the  2.5  r.illiohm,  requirement 
was  not  recommended  as  part  of  the  proposed  modifications. 

The  reader  is  referred  to  the  Final  Reports  of  Georgia  Tech 
Research  Institute,  No.  A~43:'4,  and  Contract  No.  F02  060-F  5-660G7 , 
WR-ALC,  Robins  Air  Force  Base. 
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FIGURE  6.  SHIELDING  EFFECTIVENES 
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TABLE  2.  CORROSION  POTENTIALS  OF  VARIOUS  METALS  ANS'  EM 

GASKET  MATERIALS  (IN  5%  NaCI  AT  21^0  AFTER  15  MINUTES 
OF  IMMERSION) 

MATERIAL  ECORR  VS  SCE  ^ 

(MILLIVOLTS) 

PURE  SILVER  -25 

SILVER -FILLED  ELASTOMER  -50 

MONEL  MESH  -125 

SILVER -PLATED -COPPER  FILLED  ELASTOMER  -190 
COPPER  -244 

TIN-PLATED  BERYLLIUM-COPPER  -440 

TIN-PLATED  COPPER -CLAD  STEEL  MESH  -440 

ALUMINUM2  (1100)  -730 

SILVER-PLATE  -ALUMINUM  FILLED  ELASTOMER  -740 


1  GALVANIC  POTENTIAL  OF  TEST  CELL  MEASURED  WTH  STANDARD 

CALOMEL  ELECTRODE  AS  A  REFERENCE 

2  ALUMINUM  ALLOYS  APROXIMATELY  -700  TO  -840  m\'  VS  SCE  IN  3% 
NaCl  MANSFIELD  F  AND  KENKEL,  J.V..  LABORATORY  STUDIES  O- 
GALVANIC  CORROSION  OF  ALUMINUM  ALLOYS.  "GALVANIC  AND 
PITTING  CORROSION  -  FIELD  AND  LAB  STUDIES,  ASTM  STp  576  1976, 
PP.  20-47. 
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CONDUCTIVE  SEALANT 


1  POLYSLICONE  RTV 

#1038,  Ag/A  !*  FILLER 

2.  POLYSILICONE  RTV 
#1038,  A  1  *’  FILLER 

3  POLYURETHANE  RTV 

#4329-25-1.  Ag/Al  FILLER 

4  POLYURETHANE  RTV 

#4329-25-2  A1  FILLER 

5,  PROSEAL  #872 

POLYSULFIDE,  A  I  FILLER 

6.  PROSEAL  RW2 -28 -71 

A1  /  N  I 
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FIGURE  12  FASTENER  ASSEMBLY:  (1)  STAINLESS  STEEL  #316  6/32 

ROUND  SLOTTED  SCREW  MSULATED  WITH  #6  STAINLESS 
STEEL  WASHER  AND;  (4)  6/32  HEX -TYPE  STAMLESSTEEL  NUT, 
EACH  ASSEMBLY  WAS  TOROUEED  TO  13  MCFED-LBS 
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FIGURE  13  APPLICATION  OF  CONDUCTIVE  SEALA^rT  (#1038  Ag/AI  W 
RTV  POLYSLICONE)  APPLED  TO  BASE  PUTE  OF  X)INT 
(FRONT  SDE)  THE  SEALANTS  ARE  TYPICALLY  VISCOUS 
AND  REQUIRE  TROWEUNG  TO  COVER  'WE  JOTN  AREA. 
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FIGURE  IE  TESTlfXB  OF  ^^ISULATCN  FASTENER  ASSEMBLY  WITH  OHM 
METER 
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TABLE  5-  DOCUMENTS  UNDER  CONSIDERATION  FOR  TASK  3 


DOCUMENT 

IDENTIFIER  DOCUMENT  TITLI 

MIL-B-50e7B*  BONDING,  ELECTRICAL,  AN!'  LIGHTNING  PROTECTION  FOR 

AEROSPACE  SYSTEMS 

MIL-STD- 1  8E>- 1  24A*  GROUNDING,  BONDING  AND  SHIELDING 

MIL-STD- 1 3 1 OD  SHIPBOARD  BONDING,  GROUNDING,  AND  OTHER  TECHNIQUES 

FOR  ELECTROMAGNETIC  CAPABILITY  AND  SAFETY  SHIELDING 

MIL-STD- 1 S42*  ELECTROMAGNETIC  COMPATIBILITY  (EMC)  AND  GROUNDING 

REQUIREMENTS  FOR  SPACE  SYSTEM  FACILITIES 

MIL-STD-1857  GROUNDING,  BONDING,  AND  SHIELDING  DESIGN  PRACTICES 

MIL-STD-454J*  STANDARD  GENERAL  REQUIREMENTS  FOR  ELECTRONIC 

EQUIPMENT 

MIL-STD-462  ELECTROMAGNETIC  INTERFERENCE  CHARACTERISTICCS , 

MEASUREMENT  OF 

MIL-HDBK-253  GUIDANCE  FOR  THE  DESIGN  AND  TEST  OF  SYSTEMS  PROTECTED 

AGAINST  THE  EFFECTS  OF  ELECTROMAGETIC  ENERGY 

MIL-E-6051D  ELECTROMAGNETIC  COMPATIBILITY  REQUIREMENTS,  SYSTEMS 

NATO  STANAG  BONDING  AND  IN-FLIGHT  LIGHTNING  PROTECTION  FOR 

AIRCRAFT 

MIL-STD- 1 54 1 •  ELECTROMAGNETIC  COMPATIBILITY  REQUIREMENTS  FOR  SPACE 

SYSTEMS 

AFSC  DH  1-4*  ELECTROMAGNETIC  COMPATIBILITY 

MIL-aDBK-335  MANAGEMENT  AND  DESIGN  GUIDANCE,  ELECTROMAGNETIC 

RADIATION  HARDNESS  FOE  AIK  LAUNCHED  ORDINANCE 
SYSTEMS 

DARCOM-P  706-4  1C  ENGINEERING  DESIGN  HANDBOOK,  ELECTROMAGNETIC 

COMPATIBILITY 

NAVAIR  AD  1115  ELECTROMAGNETIC  COMPATIBILITY  DESIGN  GUIDE  FOR 

AVIONICS  AND  RELATED  GROUND  SUPPORT  EQUIPMENT 

DCA  NOTICE  31  P-70-1  DCS  INTERIM  GUIDANCE  ON  GROUNDING  BONDING,  AND 

SHIELDING 

MIL-HDBK-419  GROUNDING,  BONDING,  AND  SHIELDING  FOE  ELECTRONIC 

EQUIPMENTS  AND  FACILITIES 
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Educati on 


Ph.O.,  Polymer  Science,  University 
of  Southern  Mississippi  1980 

5.S.,  Chemical  Engineering,  Arkansas  Polytechnic  College  1971 


Employment  History 

Georgia  Institute  of  Technology 
Senior  Research  Scientist 
Cook  Paint  &  Varnish  Co.,  Group  Leader 
Bechtel  Group,  Inc.,  Senior  Engineer 
'Jrape  Enterprises,  Inc.,  Technical  Director 


If’SB-Present 

1°82 
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1971-1976 


Experience  Summary:  At  Georgia  Tech,  conducts  applied  research  in  coatings 
and  polymer  science  in  the  Materials  Science  Division  of  the  Energy 
and  Materials  Sciences  Laboratory.  With  Cook  Paint  Varnish,  performed 
and  supervised  research  and  development  of  resins  for  industrial  coatings 
and  fiber-glass  composites.  At  Bechtel,  provided  technical  services 
in  areas  of  industrial  coatings  and  polymeric  materials.  Graduate  research 
at  the  University  of  Souf^ern  Mississippi  involved  pol^mier  synthesis, 
character i zat  ion  ,  kinetics  studies,  viscometry  anH  coatings  formulation. 

As  Technical  Director  with  Wrape  Enterprisns,  performed  research  and 
development  in  industrial  air  pollution  control  systems. 


Current  Fields  of  Interest 

Pol vmer-sol vent  i ntermol ecul ar  reactions;  des'nn  and  testing  of  composite 
materials;  water-borne  and  high  solids  coatings  ''or  corrosion  protection 
of  metal  substrates  in  chemically  aggressive  at'^oso'^eres ;  dispersion 
technology  for  generating  pol  vmer/sol  i  d  and  pol  ;/mpr/ pol  ymer  systems, 
filled  polymers  and  interpenetrating  polymeric  networks  materials. 


Profess'ional  Affiliations 
American  Chemical  Society 

National  Associat'ion  of  Corrosion  Engineers 

Society  of  Plastics  Enqinners 

Sioma  Xi  Scientific  "esearc'^  Socintv 
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Major  Reports  and  Publications 

14.  "Evaluation  of  an  Acrylate  Based  Pipe  Thread  Sealant,"  Material s 

Performance  20,  (October  1981) 

15.  "Processing  of  Emulsified  Oils  and  Alkyds  to  Generate  Polymers," 

Organic  Coatings  and  Plastics  Chemistry  Preprints,  Volume  45, 
Part  2,  1981,  with  B.  G.  Bufkin  and  G.  C.  V/ildman 

16.  "Survey  of  Water  Chemistry  at  Arkansas  Navigational  System  Lock 

and  Dams,"  Arksansas  Tech  University  Library,  1971 
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Education 


M.S.E.E.,  Georgia  Institute  of  Technology 

B.E.E.,  University  of  Dayton 

B.A. ,  Mathematics,  Oberlin  College 


1982 

1979 

1977 


Employment  History 

Georgia  Institute  of  Technology 
Research  Engineer  II 
Research  Engineer  I 

Monarch  Marking  Systems,  Lab  Technician 
Cox  Heart  Institute,  Researcher's  Assistant 
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Experience  Sumn!ary:  At  Georgia  Tech,  was  recently  involved  in  the  design 
of  a  wideband  receiver  for  a  millimeter  wave  near  field  antenna  range. 
Project  director  on  a  program  concerned  with  evaluating  the  shielding 
effectiveness  of  conductive  plastics  and  also  on  a  program  to  measure 
the  electromagnetic  shielding  of  a  computer  building  in  order  to  make 
recommendations  on  improving  the  shielding  effectiveness  to  within  spec¬ 
ification.  Assistant  project  director  on  a  program  to  investigate  the 
EMI /EMC  characteristics  of  electric  vehicles  and  also  on  a  program  to 
develop  a  generalized  model  for  nonlinear  metal-insul ator-metai  (MIMl 
junction  sources  of  intermodulation  products.  Was  recently  involved 
with  the  design,  fabrication,  and  evaluation  of  two  orototype  antenna 
configurations  for  a  VHP  communication  system.  Major  contributor  to 
programs  involved  in  conducted  emission  measurements  on  the  TOMAHAWK 
Vertical  Launch  System;  the  design  of  digital  data  communications  equip¬ 
ment;  definition  and  analysis  of  the  electromagnetic  susceptibility 
of  integrated  circuits  including  VLSIC  and  VHSIC  devices;  evaluation 
of  various  radiated  modeling  of  intermodulation  generation  in  passive 
components^  development  of  integrated  electromagnetic  envi '"onmental 
effects  fE'’)  specialty  tests;  evaluation  of  electromagnetic  pulse  (EMP) 
protection  measures  for  defense  electronics  installations;  and  measure¬ 
ment  and  evaluation  of  various  VHF/IJHF  antennas,  preamplifiers,  and 
transmission  line  comoonents.  With  Monarch  Marking  Systems,  was  active 
in  the  testing  and  evaluation  of  novel  materials  f porous  rubbers,  inks, 
etc.).  With  the  Cox  Heart  Institute,  conducted  a  computer-aided  statis¬ 
tical  analysis  of  resea'^ch  data. 

Current  Fields  of  Interest 

Electromagnetic  susceotibi 1 i tv  and  conoatibi 1 i ty;  antenna  design;  electro¬ 
acoustics;  and  filter  design. 
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Major  Reports  and  Publications 

1.  "TOMAHAWK  VLS  CEOS  Test  Report,"  Project  A-4025,  Contract  No.  SCEEE/ 

NSWC/84-B006,  November  1984 

2.  "Design  Guidelines  for  the  Mitigation  of  EMP  Effects  in  Electronic 

Circuits,"  Final  Report,  Contract  No.  DNA  001-82-C-0347,  October 
1984,  with  others 

3.  "Field  Survey  Measurements,"  Final  Letter  Report,  Federal  Express 

Corporation,  Project  A-3780,  July  1984 

4.  "Integrated  Circuit  Technology  Assessment  HCTAl  Project,"  Final 

Technical  Report;  Definition  Phase,  Project  A-3657,  Contract 
No.  F41621-83-C-5018,  April  1984,  with  others 

5.  "VHSIC/7LSIC  Technology  Summary,  Integrated  Circuit  Technology 

Assessment  HCTAl  Project,"  Project  A-3657,  Contract  No.  F41621- 
83-C-5015,  December  1983,  with  others 

6.  "High  AJtitude  Electromagnetic  Pulse  (EMP)  Protection  Criteria 

for  C'^  Power  Plants  in  a  Cold  War  Environment,"  Final  Technical 
Report,  Contract  No.  DACW88-83-M-0840,  Project  A-3572,  November 
1983,  with  others 

7.  "Investigation  of  the  EMI  Aspects  of  Electric  Vehicles,"  Proceedings 

of  the  IEEE  1983  International  Symposium  on  Electromagnetic  Compat¬ 
ibility,  Washington,  D.  t.,  22-25  August  1983,  coauthor 

8.  "Antenna  Desi qn  and  Mechanical  Feasibility  Analyses,"  Final  Technical 

Report,  Contract  No.  DAAH01-S3-D-Ani3,  Project  A-3503,  April 
1983,  with  others 

9.  "Investigation  of  Electric  Vehicle  EMI/EMC  and  Its  Control,"  Final 

Technical  Report,  Project  A-3089,  March  1983,  coauthor 

10.  "Evaluation  of  Radiated  Emission  and  Susceptibi lity  Measurement 

Techniques,"  Proceedings  of  the  198P  IEEE  International  Symposium 
on  Electromagnetic  Compatibility,  dp.  244-251,  Santa  Clara,  Cali¬ 
fornia,  8-10  September  1982,  with  others 

11.  "Evaluation  of  Shielding  Effectiveness  Test  Methods  for  Conductive 

Plastics,"  Proceedings  of  the  International  Conference  on  Plastics 
in  Telecommunications  III,  Paper  No.  30.  London.  England.  l5- 
l7  September  1982,  coauthor 

12.  "EMC/EMI  Investigations  on  Jet  Industries'  Electrica,"  Interim 

Technical  Report,  Project  A-3089,  July  1982,  coauthor 

13.  "Limitation  in  Swept  Receiver  Scan  Rates  for  Impulsive  Noise  Measure¬ 

ments,"  Technical  Report,  Project  A-3089,  February  1982 

14.  "Evaluation  of  Radiated  Emission  and  Susceptibility  Measurement 

Techniques,"  Final  Report,  Contract  No.  DAAK80-81-K-0006,  January 
1982,  with  others 

15.  "Shielding  Effectiveness  Evaluations  of  Thermof ormabl e  Laminates," 

Final  Report,  Project  A-2897,  July  1981 

16.  "Evaluation  of  EMP  Protection  Measures  for  Defense  Electronics 

Installations,"  Final  Report,  Contract  No.  DNA  n01-8n-C-0292 , 

30  May  1981,  with  others 

17.  "Identification  of  Aircraft  Passive  Nonlinear  Interference,"  Interim 

Technical  Report,  IM  Measurement  Scheme  Development,  Project 
A-2845,  April  1982,  coauthor 

18.  "Identification  of  Aircraft  Passive  Nonlinear  Interference,"  Test 

Plan  I,  IM  Measurement  Procedures,  Project  A-2845,  April  1Q81, 
coauthor 
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Major  Reports  and  Publications  (continued) 

19,  "Integration  of  Electromagnetic  Environmental  Effects  fE'  ]  Test 

and  Evaluation,"  Final  Technical  Report,  Project  A-2641,  November 
1980,  with  others 

20,  "EMR  Hardness  Design  Guidance,"  Final  Technical  Report,  Contract 

No,  F30602-79-C-0132,  November  1980,  with  others 

21,  MANAGEMENT  AND  DESIGN  GUIDANCE— ELECTROMAGNETIC  RADIATED  HARDNESS 

FOR  AIR  LAUNCHED  ORDNANCE  SYSTEMS,  Military  Handbook,  IS  November 
1980,  with  others 

22,  "Program  to  Improve  UHF  Television  Reception,"  Final  Report,  Project 

A-2475,  September  1980,  with  others 
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"Corrosion  Problems  Associated  with  Computer  Disk  Packs" 

J.F.  McIntyre,  B.C.  Beard,  and  S.M.  Hoover 
Naval  Surface  Weapons  Center 
Corrosion  Technology  Group 
Codes  R32/R33 

Silver  Spring,  MD  20903-5000 


ABSTRACT 

The  nature  and  source  of  corrosion  observed  between  recording 
disks  and  sector  plates  in  direct  contact  have  been  identified  in 
this  study.  Recordings  disks  and  unanodized  sector  plates  exposed 
to  high  relative  humidity,  chloride  ions,  and/or  a  commercial 
cleaning  solution  experienced  accelerated  corrosion;  accelerated 
corrosion  was  attributed  to  the  tight  crevice  formed  between  the 
recording  disk  and  sector  plate.  Surface  analytical  techniques 
were  used  to  characterize  the  nature  of  the  corrosion  and  to  iden¬ 
tify  the  source  of  corrosion.  Results  confirmed  that  accelerated 
corrosion  was  due  to  water  and  cleaning  solution  entrapped  between 
the  recording  disk  and  the  sector  plate  after  exposure  to  a  commer¬ 
cial  disk  pack  washer. 

INTRODUCTION 

The  objective  of  this  report  is  to  recognize  and  outline 
potential  corrosion  problem  areas  which  could  adversely  affect  the 
integrity  of  computer  disk  packs  (DP) .  A  computer  disk  pack  is 
composed  of  ten  recording  disks  where  the  bottom  recording  disk 
(RD)  of  each  DP  is  located  directly  on  top  of  the  sector  plate 
(SP) .  This  arrangement  provides  a  potential  site  for  crevice  cor¬ 
rosion.  Crevice  corrosion  involves  attack  in  an  area  shielded  from 
a  bulk  environment  usually  restricting  the  flow  of  oxygen  and  other 
reactants  and,  in  most  cases,  a  region  of  high  acidity  develops 
causing  rapid  attack  within  the  crevice.  Crevice  corrosion  is 
often  the  most  insidious  form  of  localized  attack  and  alloys  which 
are  easily  passivated,  such  as  aluminum  alloys,  are  especially  sus¬ 
ceptible  to  severe  crevice  attack. 

The  SP  is  an  aluminum  alloy,  AA-5086,  which,  in  some  cases,  is 
anodized  to  provide  additional  corrosion  protection.  In  general, 
aluminum  alloys  exhibit  good  corrosion  resistance  and  uniformly 
corrode  at  a  low  rate;  however,  under  certain  circumstances  an 
environment  or  structural  configuration  favors  localized  attack, 
i.e.,  crevice  or  pitting.  The  reliability  of  a  DP  will  be 
compromised  if  corrosion  between  the  RD  and  the  SP  leads  to  a 
breach  of  the  RD  surface  and/or  induced  pressures  caused  by 
corrosion  product  build-up  leads  to  a  warping  or  cracking  of  the 
RD.  The  RD  is  comprised  of  a  polished  aluminum  disk  that  is 
subsequently  coated  with  Y-Fe203,  a  magnetic  recording  material. 


The  iron  oxide,  Y-Fe203,  is  the  most  protective  iron  oxide  and 
least  reactive;  it  is  stable  in  a  number  of  environments,  such  as 
water,  alkali,  and  dilute  chloride  solutions;  however,  V-Fe^03  is 
dissolved  by  most  acids,  particularly  hydrochloric  and  nitric  acid. 

EXPERIMENTAL 

Laboratory  studies  involved  exposing  computer  disks  to  high 
and  low  relative  humidity,  total  immersion  in  distilled  water  and 
exposure  to  a  commercial  cleaning  solution  (Liquinox) .  Corrosion 
rates  were  determined  using  the  polarization  resistance  (Rp) 
technique,  and  potent iodynamic  pitting  scans  were  used  to  determine 
pitting  susceptibility  of  the  SPs.  Analysis  of  the  localized 
corrosion  occurring  between  the  SP  and  the  RD  was  performed  by 
three  surface  sensitive  techniques:  Auger  electron  spectroscopy 
(AES) ,  scanning  electron  microscopy  (SEM) ,  and  X-ray  photoelectron 
spectroscopy  (XPS) .  Test  samples  studied  using  surface  analytical 
techniques  were  taken  from  a  DP  which  had  been  exposed  to  multiple 
passes  through  a  wash  cycle  in  a  commercial  DP  washer.  The  DP  was 
carefully  opened  and  disassembled  to  avoid  altering  the  original 
surface  condition.  A  corrosion  free  disk  was  removed  to  use  as  a 
control,  i.e.,  a  RD  not  adjacent  to  the  SP;  in  addition,  the  SP  and 
the  bottom  RD  were  removed  together  then  separated.  The  disk  sur¬ 
faces  were  not  subjected  to  pre-treatments,  but  were  analyzed  in 
the  "as  received"  condition.  The  disks  were  cut  into  smaller  sec¬ 
tions  for  analysis. 

Three  sets  of  samples  were  exposed  to  80%  R.H.  and  24%  R.H.  A 
saturated  solution  of  ammonium  chloride  was  used  to  simulate  an  80% 
R.H.  and  the  24%  R.H.  environment  was  simulated  using  a  saturated 
solution  of  CaCl2*2H20.  Test  samples  were  cut  from  normal  size 
disks  in  order  to  conveniently  expose  them  to  the  two  environments. 
Prior  to  testing  all  samples  were  cleaned  with  acetone  to  remove 
grease  and  oil  and  the  shear  edges  were  coated  with  an  epoxy  to 
prevent  interference  from  edge  corrosion.  The  three  test  sample 
surfaces  included:  unanodized  AA-5086  SPs,  anodized  AA-5086  SPs, 
and  RDs.  For  exposure  to  30%  R.H.,  samples  designated  A  and  B  were 
exposed  in  the  "as-is"  condition  and  left  undisturbed  for  the  dura¬ 
tion  of  the  test;  for  samples  C  and  D,  v/ater  was  deliberately 
introduced  between  the  RD  and  the  SP  every  48  hours;  and  for 
samples  E  and  F  a  commercial  cleaning  solution  was  introduced 
between  the  RD  and  the  SP  using  the  same  procedure  as  used  for 
samples  C  and  D  (see  Table  1) .  Samples  A-D  were  exposed  to  80% 

R.H.  for  three  and  a  half  months,  while  samples  E  and  F  were 
exposed  to  "Liquinox"  cleaning  solution  for  ■^hree  months.  For 
exposure  to  24%  R.H.,  the  experimental  set-up  was  identical  to  that 
used  for  samples  exposed  to  80%  R.H.  Therefore,  six  samples  were 
exposed  to  80%  R.H.  and  six  samples  to  24%  R.H.  for  a  total  of 
twelve  samples.  A  tabular  summary  of  the  results  for  24%  R.H. 
exposure  is  not  provided,  but  the  observed  corrosion  behavior  is 
described  later. 
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For  immersion  testing,  small  sections  of  the  RD  and  SP  were 
mounted  in  an  acrylic  polymer  and  the  edges  were  coated  with  an 
epoxy  to  eliminate  edge  corrosion.  These  samples  were  fully 
immersed  in  either  distilled  water  or  cleaning  solution  and  visual 
observations  were  made.  This  experiment  was  designed  to  test  the 
uniform  corrosion  behavior  of  the  materials. 


A  uniform  corrosion  rate  was  determined  for  the  unanodized 
AA-5086  SP  in  3.5%  NaCl,  using  the  Rp  technique.  Briefly,  the  Rp 
technique  involves  the  application  of  a  controlled-potential  scan 
over  a  small  range,  typically  +  5mV  with  respect  to  the  corrosion 
potential.  In  this  potential  range,  the  applied  potential  and  cur¬ 
rent  are  linearly  related  to  a  close  approximation.  The  resulting 
current  is  plotted  against  the  applied  potential  and  the  slope  of 
the  straight  line  at  the  corrosion  potential  is  equal  to  Rp.  The 
resultant  Rp  value  is  inversely  proportional  to  the  corrosion 
current  (1).  The  calculated  corrosion  current  can  be  expressed  as 
a  corrosion  rate  using  the  Faraday  equation  (2).  The  corrosion 
rate  can  be  expressed  in  two  familiar  forms;  "milli-inches  per 
year"  (MPY)  and  "milli-grams  per  decimeter  per  day"  (MDD) . 


RESULTS  AND  DISCUSSION 


RELATIVE  HUMIDITY  EXPOSURE.  Test  results  for  80%  R.H.  exposures 
indicated  that  some  corrosion  product  build-up  between  the  RD  and 
the  SP  had  occurred  for  each  of  the  samples.  The  corrosion  product 
build-up  was  found  in  highly  localized  areas,  above  sites  of  grow¬ 
ing  pits,  and  generally  close  to  the  edge.  The  corrosion  products 
were  white  in  appearance  artd  extremely  adherent,  probably  Al(OH)3. 

A  summary  of  qualitative  results  are  presented  in  Table  1.  Most  of 
the  pits  were  shallow  and  small  in  diameter;  however,  for  samples  B 
and  E  several  deep  pits  were  found  on  the  sector  plate  and  for 
samples  D,  E,  and  F  a  deep  pit  was  found  on  the  underside  of  each 
RD.  From  Table  1,  it  can  be  seen  that  no  pits  were  found  on  anod¬ 
ized  SPs  as  compared  to  the  large  number  of  pits  observed  on  the 
unanodized  SPs.  Attack  on  the  underside  of  the  RD  occurred  ran¬ 
domly  and  did  not  appear  to  be  influenced  by  the  nature  of  the  SP. 


Upon  closer  inspection  of  the  sample  disks  using  a  stereo¬ 
microscope  it  was  discovered  that  a  number  of  pits  were  actually 
deep.  A  photograph  of  a  representative  pit  for  sample  F  can  be 
seen  in  Figure  1;  this  pit  was  located  near  the  RD  edge  with  a 
measured  depth  of,  ca .  25  mils.  A  sim.ilar  photograph  for  sample  E 
can  be  seen  in  Figure  2;  as  observed  for  sample  F,  this  pit  was 
located  near  the  RD  edge  with  a  measured  depth  of,  ca.  4  rails.  It 
was  observed  that  the  deeper  pits  were  located  near  the  RD  edge, 
i.e.,  environmental  access  to  this  area  was  greater.  In  addition, 
"filiform-like"  corrosion  was  found  on  several  sample  surfaces. 
Typical  "filiform-like"  corrosion  located  on  the  underside  of  the 
RD  for  sample  B  can  be  seen  in  Figure  3.  At  25X,  the  size  of  these 
corrosion  tracts  can  be  realized  by  comparison  to  the  m.illi-meter 


scale  in  the  photograph.  Filiform  corrosion  occurs  beneath  protec¬ 
tive  coatings  in  high  relative  humidity  environments,  i.e,,  60-90%. 
Filiform  corrosion  has  been  observed  beneath  organic  and  metallic 
coatings  on  steel,  aluminum,  and  magnesium  (2).  In  general,  fili¬ 
form  corrosion  is  not  detrimental  to  a  metal's  integrity  because 
this  corrosion  is  superficial  in  nature;  however,  if  the  filiform 
corrosion  track  breaches  the  protective  coating  the  exposed  metal 
surface  may  provide  sites  for  pit  initiation.  Since  V-Fe203  is  a 
protective  oxide  much  like  other  protective  coatings  and  because 
this  environment,  i.e.,  80%  R.H.,  supports  filiform  corrosion,  the 
appearance  of  "filiform-like"  corrosion  on  these  disks  was  not  sur¬ 
prising.  Observations  using  the  stereo-microscope  revealed  that  a 
number  of  "filiform-like"  corrosion  areas  had  exposed  metal, 
located  adjacent  to  growing  pits. 

Identifiable  white  corrosion  spots  were  observed  after  one 
week  of  exposure  on  samples  exposed  to  cleaning  solution  at  24%  and 
80%  R.H. ;  however,  the  extent  of  attack  appeared  to  be  worse  at  80% 
R.H.  After  two  weeks,  some  extremely  small  white  corrosion  spots 
were  observed  on  the  "as-is"  samples  exposed  to  80%  R.H.  During 
this  same  period,  samples  exposed  to  distilled  water  revealed  some 
localized  attack  with  areas  of  dark  stains;  in  addition,  the  extent 
of  corrosion  was  more  pronounced  for  samples  exposed  to  80%  R.H. 

After  one  month,  no  corrosion  was  detected  on  the  "as-is" 
samples  exposed  to  24%  R.H.  and  the  "as-is"  samples  exposed  to  80% 
R.H.  showed  no  acceleration  of  the  initial  corrosion.  Samples 
exposed  to  distilled  water  in  both  24%  and  80%  R.H.  environments 
exhibited  accelerated  corrosion  with  a  concurrent  build-up  of  white 
corrosion  product  between  the  disks;  in  each  of  these  cases,  the 
anodized  SP  exhibited  good  corrosion  resistance,  but  localized 
attack  did  occur  on  the  underside  of  the  RD.  As  observed  in  ear¬ 
lier  experiments,  the  samples  exposed  to  cleaning  solution  at  24% 
and  80%  R.H.  showed  signs  of  extensive  localized  attack  on  the 
underside  of  the  RDs;  the  unanodized  SPs  were  significantly  less 
resistant  to  attack  as  compared  to  the  anodized  SPs. 

Exposure  at  80%  R.H.  proved  to  be  much  more  detrimental  and 
the  extent  of  corrosion  between  the  RDs  and  the  SPs  was  greater 
than  observed  at  24%  R.H.  For  samples  exposed  to  24%  R.H.,  the  "as 
is"  samples  showed  no  signs  of  corrosion  between  the  SPs  and  RDs. 
Significant  corrosion  was  detected  between  the  SPs  and  RDs  for 
samples  exposed  to  distilled  water  and  cleaning  solution,  although 
the  severity  of  attack  was  slightly  less  pronounced  at  24%  R.H. 

DIRECT  IMMERSION  TESTING.  Representative  SPs  and  RDs  were  exposed 
to  distilled  water  and  cleaning  solution  for  three  months.  Visual 
observations  revealed  that  no  corrosive  attack  occurred  on  the  SPs 
in  both  environments.  On  the  other  hand,  two  small  diameter  pits 
were  observed  on  the  RD  exposed  to  distilled  water  and  no  attack 
was  observed  on  the  RD  exposed  to  cleaning  solution.  These  results 
indicated  that  uniform  corrosion  of  the  SPs  and  RDs  was  less  severe 
than  observed  for  crevice  samples  exposed  to  R.H.  testing. 
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pitting.  In  fact,  visual  inspection  of  80%  R.H.  exposed  samples 
showed  a  propensity  for  pitting. 


SURFACE  ANALYSIS.  The  use  of  AES  was  limited  due  to  surface 
charging.  Spectra  obtained  from  an  area  adjacent  to  a  corrosion  pit 
indicated  the  presence  of  a  heavy  layer  of  organic  material,  mask¬ 
ing  information  from  depths  greater  than  50  A.  Individual  disks 
(not  in  contact  with  the  SP)  taken  from  the  same  DP  did  not  have 
this  high  level  of  contamination,  suggesting  that  close  contact 
between  the  bottom  RD  and  the  SP  entrapped  some  of  the  washing 
solution.  AES  images  of  the  magnetic  disk  surface  facing  the  SP 
(anodized)  showed  corrosion  product  build-up  that  followed  regular 
curved  paths  duplicating  the  pattern  of  the  milling  marks  on  the 
surface  of  the  SP.  The  ingress  of  water  between  the  bottom  SP  and 
the  RD  apparently  followed  the  milling  marks  on  the  SP.  The  marks 
were  clearly  visible  on  inspection  with  the  unaided  eye.  Indeed, 
on  both  surfaces  the  corrosion  areas  were  square  or  rectangular  in 
shape,  bordered  by  the  milling  cuts  which  acted  as  traps  for  the 
wash  solution.  Point  analysis  of  the  corrosion  products  on  the 
magnetic  disk  revealed  the  presence  of  aluminum;  suggesting  that 
transfer  of  corrosion  products  from  the  SP  had  occurred.  Argon  ion 
sputter  depth  profiling  of  the  RD  indicated  the  presence  of  a 
homogeneous  surface  film  composed  of  carbon,  oxygen,  and  iron 
(representing  the  iron  oxide  magnetic  material  and  an  organic 
binder) .  High  initial  concentrations  of  carbon  were  observed  and 
were  attributed  to  contamination  on  the  surface  of  the  disk.  Red- 
orange  stains  on  the  SP  suggested  that  iron  was  transferred  from 
the  RD  to  the  SP  during  the  corrosion  process.  The  insulating 
anodized  oxide  and  heavy  contamination  on  the  SP  made  the  analysis 
for  iron  by  Auger  electron  spectroscopy  impossible. 


XPS  analysis  was  more. successful  because  charging  induced  by 
X-ray  excitation  was  significantly  less  intense.  Analysis  of  a 
sample  taken  from  an  uncorroded  RD  found  carbon,  oxygen,  and  iron. 
High  resolution  spectra  of  these  peaks  enabled  the  identification 
of  the  chemical  state  of  the  elements;  both  the  carbon  and  oxygen 
spectra  had  multiple  components,  indicative  of  different  chemical 
states.  The  carbon  (Is)  spectrum  had  a  major  peak  attributable  to 
carbon  singly  bonded  to  two  oxygens.  These  functionalities  were 
attributed  to  the  organic  polymer  used  to  bind  the  magnetic  oxide. 
The  0(ls)  spectrum  had  three  components:  the  lowest  binding  energy 
component  and  narrowest  peak  was  due  to  iron  oxide  at  a  character¬ 
istic  binding  energy  of  530.0  eV  and  the  two  higher  binding  energy 
components  were  assigned  to  oxygen  in  the  polymeric  binder.  Angle 
dependent  studies  revealed  no  variation  in  the  relative  intensities 
of  these  three  peaks,  thus,  eliminating  surface  adsorbed  water  or 
hydroxyls  as  possible  species  contributing  to  the  higher  binding 
energy  0(ls)  components.  The  angle  dependent  results  were  consis¬ 
tent  with  the  Auger  sputter-depth  profile  results  indicating  that  a 
homogeneous  recording  film  was  present.  The  iron  spectrum  demon¬ 
strated  the  expected  complex  spectral  pattern  for  iron  oxide,  i.e., 
y-Fe203 .  See  Figure  6. 
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XPS  analysis  of  the  corroded  magnetic  disk  indicated  a 
different  surface  chemistry.  The  presence  of  sulfur,  chlorine, 
silicon,  magnesium,  and  aluminum  contaminants  were  observed.  See 
Figure  7.  The  C(ls)  was  predominantly  one  peak  appearing  at 
287.7  eV.  The  oxygen  signal  was  also  predominantly  a  single  peak  at 
535.0  eV.  The  spectrum  from  the  iron  (2p)  region,  which  was  very 
weak,  suggested  charging  on  the  order  of  3  eV  from  the  anticipated 
oxide  binding  energy  (Fe203  2p^/2  iton  peak  is  well  characterized 
(4  and  5)).  Correcting  for  this  amount  of  charging,  the  carbon 
peak  then  fell  at  a  binding  energy  corresponding  to  hydrocarbons 
and  the  oxygen  and  aluminum  peaks  corresponding  to  values  charac¬ 
teristic  of  aluminum  oxide.  Therefore,  the  underside  of  the  bottom 
RD  was  contaminated  by  aluminum  oxide  from  SP  corrosion  and  hydro¬ 
carbon  contamination  originating  from  the  wash. 
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Figure  8  shows  a  low  magnification  SEM  image  of  the  pitted 
region  of  the  SP.  The  deep  milling  mark  in  the  surface  is  visible 
on  the  left  side  of  the  photo  corresponding  to  the  border  of  the 
corrosion  area.  The  corrosion  area  clearly  followed  the  milling 
marks  on  the  surface  of  the  SP  as  suggested  by  visual  observation. 
SEM  mapping  of  the  SP  surface.  Figure  9,  revealed  clear  evidence 
for  the  transfer  of  iron  into  the  corrosion  pit  and  along  the  bor¬ 
der  of  the  corrosion  region  as  the  red-brown  color  observed  by 
visual  inspection  suggested.  Close  inspection  of  the  border  region 
demonstrated  the  build-up  of  corrosion  product.  See  Figure  10. 

Several  contaminants  on  the  SP  not  observed  by  XPS  were 
detected  using  SEM,  including;  phosphorous,  magnesium,  manganese, 
and  chromium.  The  phosphorous  may  have  originated  from  the  wash 
solution  or  as  a  contaminant  due  to  improper  handling.  Magnesium, 
manganese,  and  chromium,  are  common  alloying  elements  used  in  alu¬ 
minum  alloys;  therefore,  these  probably  appeared  as  a  result  of  the 
corrosion  of  the  aluminum  alloy  substrate.  Alternatively,  these 
elements  may  have  been  directly  detected  from  the  substrate  because 
SEM  X-ray  analysis  probes  several  microns  into  the  bulk  metal. 

SEM  imaging  of  a  typical  corrosion  spot  on  the  underside  of 
the  bottom  RD  is  shown  in  Figure  11.  This  photograph  was 
representative  of  a  typical  corrosion  pit.  The  regularly  shaped 
boundary  of  the  corroded  region  attributed  to  the  deep  milling 
marks  in  the  surface  of  the  SP  and  the  build-up  of  corrosion  prod¬ 
uct  in  this  area  were  easily  observed.  An  aluminum  elemental  dis¬ 
tribution  map  in  this  area  illustrated  the  cross-over  of  aluminum 
from  the  SP  to  the  RD  was  due  to  the  corrosion  process.  See  Figure 
12.  High  magnification  of  the  deposited  corrosion  products 
revealed  a  thick  film,  ca .  1.5  jum,  exhibiting  a  "mud-crack"  pattern 
caused  by  the  dehydration  of  water  in  the  film.  See  Figure  13. 

SUMMARY 

Laboratory  studies  indicated  that  rapid  deterioration  of  RDs 
occurred  in  a  relatively  short  period  of  time,  provided  the 
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relative  humidity  was  high  and  chloride  ions  were  present.  Meas¬ 
ured  pit  depths  on  the  underside  of  several  RDs  revealed  that  pene¬ 
tration  could  occur  in  as  little  as  0.58  year.  Although  the 
anodized  SP  had  greatly  improved  corrosion  resistance  over  the 
unanodized  SP,  this  did  not  reduce  attack  on  the  RD.  The  appear¬ 
ance  of  corrosion  between  the  disks  was  not  surprising  since  this 
configuration  favors  crevice  and/or  pitting  corrosion.  Exposure  to 
24%  R.H.  did  not  result  in  attack  between  the  SP  and  RD  for  the 
"as-is"  samples.  This  suggested  that  storage  at  low  relative  humi¬ 
dity  will  not  be  detrimental.  The  R.H.  exposure  tests  also 
revealed  that  the  cleaning  solution  was  very  aggressive  and  even 
the  anodized  SP  (which  did  not  exhibit  corrosion  susceptibility  to 
the  cleaning  solution  in  the  freely  corroding  state)  was  found  to 
corrode  when  in  close  contact  with  the  RD. 

Surface  analytical  studies  revealed  that  the  surface  of  the  RD 
and  SP,  which  were  in  close  contact,  exhibited  pitting  corrosion. 
The  white  corrosion  products  found  between  these  disks  were  identi¬ 
fied  as  aluminum  oxide  or  aluminum  hydroxide.  RDs  that  were  not  in 
contact  with  a  SP  showed  no  signs  of  corrcs  n  and  an  absence  of  a 
contaminated  layer.  However,  betv/een  the  x  ,nd  SP,  the  presence 
of  contamination  by  hydrocarbons  and  other  impurities  demonstrated 
that  the  wash  solution  was  deposited  onto  these  surfaces.  Transfer 
of  elements  from  the  SP  to  RD  and  vice-versa  was  observed  by  both 
AES  and  SEM.  Therefore,  the  evidence  overwhelmingly  proved  that 
water  retention  between  these  disks  and  contamination  from  the  wash 
solution  provided  a  situation  where  rapid  localized  attack 
occurred. 
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ANODIC  TAFEL  CONSTANT  VALUES  FOR  A  DIFFUSION 
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FIGURE  1.  CORROSION  PIT  ON  THE  UNDERSIDE  OF  A  RECORDING 
DISK.  EXPOSURE  OF  SAMPLE  F  TO  80%  R.H.  FOR 
106  DAYS. 
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SEM  ALUMINUM  MAP  ON  THE  UNDERSIDE  OF  A 
RECORDING  DISK. 
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FIGURE  13.  SEM  PHOTOGRAPH  OF  CORROSION  PRODUCTS  ON  THE 
UNDERSIDE  OF  A  RECORDING  DISK. 
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ABSTRACT 

Six  exarsples  of  corrosion  failure 
in  aircraft  electrical  and  electronic 
devices  are  described.  Our  experience 
indicates  t'nat  about  20°  of  the  failed 
r.e'vices  submitted  for  examination  are 
causec  ny  corrosion. 

INTRODUCTION 

The  Electronic  Failure  .Analysis 
Gro^p  at  the  Air  Force  Wright  Aero¬ 
nautical  Laboratories'  Materials  Labor¬ 
atory  has  in'.'est  i  gated  a  large  number 
of  electronic  and  electrical  failures 
■  Reference  i,  2,  3  and  u).  It  has  been 
estaolistied  that  about  53°  of  these 
failures  are  caused  by  materials  and 
manufacturing  process  defects.  Also, 

It  I'.as  been  verified  that  about  20F  of 
the  failures  are  caused  by  corrosion. 

Tne  examples  of  corrosior'  related 
failures  induce  resistors  contam.inated 
with  cnlorides,  circuit  boards  contamin¬ 
ated  with  solder  flux  residues,  expos¬ 
ed  iron  transformer  cores,  contaminated 
connector  pins,  polyvinyl  chloride 


wiring  insulation,  and  heat  shrinkable 
tubing.  Tnese  items  were  iirv'est igated 
and  analyzed  so  that  appropriate  recom¬ 
mendations  could  be  made  in  terms  of 
material  selections  and  manufacturing 
improvements. 

EX.A.MPLES  OF  CORROSION  RELATED  FAIL’JRES 

After  environiTiental  testing,  it  was 
reported  chat  iron  core  transformers 
were  exhibiting  severe  corrosion.  It 
was  suspected  that  the  cores  were  not 
adequately  coated  with  a  protective  ma¬ 
terial  (Figure  1),  In  an  effort  to  de-. 
termine  if  tne  applied  coatings  were 
adequate  for  protection  of  the  trans¬ 
formers,  two  of  the  coated  transformers 
were  placed  in  an  envir onmiental  chamber 
and  subjected  to  humidity  and  tempera¬ 
ture  cycling  according  to  MIL-STD-810C, 
Method  507,  Procedure  II.  ^‘ine  units 
were  turned  on  at  intervals  to  verify 
that  they  were  still  working.  This  AS 
'nour  cycle  was  between  63°C  and  20'^C 
with  me  reiati\'e  numiditv  adjusted  ^t o 
TnT  transformers  were  exposed  to 
0  cycles.  Figure  2  shows  the  transformeT 
core  before  the  test  and  Figure  3  shows 
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the  sane  core  after  the  test.  The  coat¬ 
ing  was  too  thin  to  protect  the  iron 


Another  test  was  made  to  deteraine 
the  extent  that  a  good  coating  could 
protect  the  cores.  Another  transformer 
was  selected  and  thoroughly  cleaned 
witr.  a  solvent.  Two  different  coatings 
Were  applied  tc  about  one  third  of  the 
tore  lengtn  or  t ne  left  of  opposite 
sides  of  the  transformer  as  shown  in 
Figures  s  and  5.  This  transformer  was 
plated  in  a  hour  salt  fog  test, 
with  is  much  mere  severe  in  terms  of 
corrosion  than  tne  five  cycles  of  the 
bcj'r.idity  and  temperature  cycling  test. 
Tre  transformer  core  was  phot ogr aphed 
after  the  salt  fog  test  in  Figures  f 


'."■■ese  results  indicate  tnat  proper 
:lea'~,irg  anc  coating  of  the  iron  trans- 
r  ormt-r  cores  will  prevent  corrosion. 


cklokidl  co:;TA;-n nation  in 
.  HER-Mr TIC, ALLY  SEALED  RNR  RESISTORS 

k 

Hermetically  sealed  resistors  (Fig¬ 
ure  S  were  found  to  bo  contaminated 
witr  ch 1  or  ices.  Tnis  is  undesirable 
becauseasmaTl  amount  of  moisture,  per- 
naps  inadvertently  sealed  inside  the 
resistor,  m,ay  cause  corrosion  sufficient 
■r  "a.is  sr  ope'-  circuit.  Tne  resis¬ 
tors  were  ernss-s-o :  t  ^oned  '.Figure  9  . 
Cr.ara  ;  ter  IS  1  i:  »ray  ar.alvsis  indicated 
:na:  tre  chlcricc  c  ent  am, :  nat  i  or.  was  be- 
•.  wee:  t.ne  trass  endear  and  tr.e  alumina 


cyii'.cer  wnicn  nac  a  ccrnscrew-*  ikc 
-icr.-umie  film  or,  it.  A  very  slight 
arriour.c  of  corrosicn  on  the  resistor 
louic  result  in  failure,  Tne  most  like- 
-V  source  o:  chlorine  is  from,  a  s  i  Iver 
rlatinp  tath  ysed  tc  plate  the  brass 
endca  p.t .  i  F  ;  cur  e  I  h  ' 

CORkOSiON  ON  BATTERY 

C-.AKGER  FRINTEI  WIRING  BOARDS. 

Sevc-ral  failec  battery  chargers 
were  examitiec  and  .  orroslon  was  easily 
i  oer,  t  i  i  1  ec  or  tr.t,  orintec  wiring  boards 
'.Figures  li,  li  anu  13;.  The  green  cor¬ 
rosion  produ.'ts  s’lown  in  Figure  13  Wiere 
identific-o  as  cooper  ahietatc  which 
results  from,  tTie^  repper  conductors  and 
the  at.  ietic  at  id  in  the  rosin  solder 
flux.  These  typ'S  problems  usually 


result  from  poor  cleaning  procedures 
that  are  used  on  the  boards  before  cor 
formal  coating.  Adequate  cleaning  of 
the  boards  before  conformal  coating 
will  eliminate  the  problem.,  while  im¬ 
proving  the  adhesion  of  the  conformal 
coat ing . 

POLYVINTL  CHLORIDE  (PVC! 

WIRING  INSTuATlON 

Chlorides  from,  various  sources  are 
usually  detrim.ental  tc  electronic  sys¬ 
tems  since  smiall  amounts  of  moisture 
may  combine  with  the  chlorides  tc  caus 
corrosion.  One  method  used  to  establi 
the  extent  that  a  material  will  err  it 
chlorides,  or  to  determine  the  safe 
(corrosion  free'  operatinc  tem.perature 
of  the  material,  is  called  tne  copper 
m.irrcr  corrosicn  test,  AFTL^^Siancarc- 
D  2671 -£5,  Pr DC e a ur_£_JiI_-.__  A  one  inen 
long  specimier  of  wire  with  PVC  insula¬ 
tion  intact  was  placed  in  the  bottom  o 
a  twelve  inch  test  tube.  With  the  tun 
in  a  vertical  pcsiticr.,  a  copper  rirrt: 
was '  suspended  by  a  copper  wire  siv.  inc 
es  above  the  bottom  of  the  test  tube. 
The  top  of  the  tube  was  sealed  with 
aluminum  foil  and  the  tube  was  placed 
in  a  temperature  controlled  oil  bath. 
The  temperature  of  the  oil  bath  was  se 
lected  then  maintained  for  sixteen 
hours.  After  the  test,  the  mirrors 
were  exam. ined  tc  determine  if  tr.-.-rt  w^ 
any  corrosion.  Figure  li  snows  t  r.s-  te 
result.  The  bottom,  m.irrcr  was  m.a  io¬ 
ta  ined  at  175 '^C  for  sixteen  hours  arc 
tne  top  mirror  was  usee  as  control. 

The  control  mirror  was  placed  in  a 
th.at  did  not  have  a  wire  sample  ir.  it, 
but  othe rwise  was  treated  t he  same  as 
the  wire  specimens.  It  is  evident  fro 
Figure  li  tfiat  the  PVC  insulation  m.a- 
terial  failtd  the  test. 

HEAT  FHRINTLAELE  TLB  INC 

Some  heat  shrinkable  tubing  em.its 
gases  that  create  problems,  such  as  co 
rosior,  with  electrc'nic  ecu  ipm.t-r.  t  .  On 
type  of  heat  shr ;  neab  1 turing  was  a:,.; 
yZfed  (Figure  15;.  Tne  tuting  was  ana. 
yze-d  and  found  tc  ht-  a  ,inyl  arcta:*.- 
ethvlene  niaierial  i  n  t  e  rna’lv  coate'd  v. ; 
a  polyamide-.  At  elevated  t  empera  t  urt-f 
it  was  louna  to  emit  forms  of  sulfur, 
usually  sulfur  dioxide.  T'nese  suns  i  a: 
ces  may 'cause  corro^mr,  also,  heat 


phrinkaMfe  tuning  containing  sulfur  has 
been  shown  tc  prevent  the  proper  cure 
of  silicone  potting  compounds.  General¬ 
ly,  heat  shrinkable  tubing  which  emits 
Sulfides  snould  not  be  used. 

PRINTED  WIRING  BOARD  EDGE  CONNECTORS 


J.  A.  Snide  and  B.  Dobbs,  Proceed¬ 
ings  of  13th  Congress  of  the  Inter¬ 
national  Council  of  the  Aeronauti¬ 
cal  Sciences  with  AlAA  Aircraft 
Systems  and  Technology  Conference, 
Seattle,  Washington,  August  22-27, 
198:,  ICAS-8:-3.8.4,  p.  1406-1414 


The  printer  wiring  board  edge  con¬ 
nectors  (Fig,.re  16:  may  exhibit  evidence 
of  corrosion  (Figure  17'>  when  exposed 
tc  certain  contaminates.  The  connector 
pins  are  copper  case  with  1.5  to  2.0 
microns  t'iating  cT  niCKci  and  i.U  to 
1.5  microns  cT  gcid~piaf'ihg.  ine  wire 
is  usually  silver  plated  copper  wire . 

A  cleaning  procedure  tnat  proved  effec- 
cive  in  cleaning  the  residues  was  ce- 
tenrined  as  fellows: 


a  ten  second  dip  in  10-15°  HCl 
agitated  tat  water  rinse  at 

diT;-  ifer. I  trrr.p^roiurcs 
t*owir. z  wstcT  rins-i 

hot  water  rinse,  loC^F, 
fcllcvec  ty  compressed  air  dry 
over  dr\  at  IbO'T  for  one  hour 


e in  nates 


present  in 
hun.idity,  ■ 
ure  of  the 


ype  of  cleaning  procedure 
many  contan.inates  that  when 
sufficient  amounts  with 
r.ay  cause  an  electrical  fail¬ 
ed  ce  connector. 


3.  Bill  Dobbs  and  George  Slenski, 
Materials  Performance,  Nc.  3, 
p.  35-36  (1984) 

4.  Ken.  McClure,  Phil  Holbrook,  Chuck 
Mrizek,  Jr.,  George  Slenski  and 
Bill  Dobbs,  Corrosion  185,  Preprint 
No.  329,  National  Association  of 
Corrosion  Engineers,  Houston,  TX 

(  1985,. 
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.Mcs:  electronic  systems  are  suscep- 
title  tc  corrcsicn.  Tr.e  corrosion  car. 
res.lt  in  leakage  c.crrents  and  opens 
wticn  car  eventually  lead  tc  electrical 
failures.  The  use  of  cissim.ilar  metals 
sm.all  dim.en.s:cns  and  voltage  gradients 
g-eatly  accrierate  t.ne  corrosion  pro¬ 
cess  ;  r.  electronic  hardware.  In  som.e 
cases,  t.-e  corrosicr,  of  one  picogram  of 
metal  rav  result  in  tne  circuit  failing 
T',..:  er.trerrc  sens  i  t  i'-'i  ty  c:  electronics 
: ccrrcsicr,  recuires  special  ccnsiceia 
tier,  for  t  .eanl  mess  and  moisture  con¬ 
tent  . 
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Eie/trical  Failure  Analysis  Systems 
Support,  Technical  Report  AFWAL-TR- 
80-4119,  Noverr.ber  198C, 
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Figute  '  -  ONcrall  mew  of  iht  transformer  or.  the 
cir.ui;  board 


Figure  2  -  Coaied  transformer  core  before  humidity 
and  temperature  cycling 
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Figure  3  -  Same  core  shown  in  Figure  2  after  testing 


Figure  <4  -  Transformer  core  with  special  coanng  on 
left  1-  3  of  length  before  testing 


l\ 


Figi, re  5  -  Opposite  side  of  transformer  ciuc  show,  m 
m  Figure  4  vnh  a  different  type  coating  on  left  1  3 
of  core  length 
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Figure  6  -  Transformer  shown  in  Figure  4  after  48 
hour  salt  fog  test  Note  lack  of  corroaion  in  the 
coated  section 


Figure  -  Transformer  ahown  in  Figure  5  after  48 
hour  salt  fog  test  Note  lack  of  corrosion  in  the 


coated  section 


Figure  8  -  Hermetically  scaled  RNR  resistor 
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Fij-u-rc  9  -  Micrograph  of  resistor  crc'ss-section 


Figure  12  -  Corrosion  around  glass  diodes  causes 
exposed  copper  on  the  conductor  traces 
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Arrow  marks  chloride  cor.taminanor, 
'  cnccap  and  alumina  insulator  with 
t  ruhrome  resistor  element  on  it 


Figure  1?  -  Greer,  corrosion  residue  causes  short 
betwen  DIP  leads 


.  f  -r 


V 


,orosK>r,  residues  on  and  hc-tween 
^  of  hatters  charger  prinad  wiring 


Figo'C  1“  -  Result^  uf  copper  mirrc'r  ^  oncsion  test 
a:  i".'  C  Tv'g  n‘;rr>  :  is  the.  control  n.ir'or  and  the 
hv  tt'.'n.  niirrt'r  o  the  a.tual  mirror  whi.h  w  placed 
o-  ihr  P\'C  wire  sart.plc  Nc'tt  the  the  PNC  wire 
'•■'■“o'c  tailed  the  tes: 
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Frank  Ansuini 
Dynaco  Corporation 
P.  0.  Box  3209 
Derry,  NH  03038 


ABSTRACT 

In  response  to  an  increased  interest  in  corrosion 
monitoring,  Dynaco  has  started  a  program  to  develop  a  series  of 
low-cost  corrosion  sensing  systems.  These  systems  are  designed 
for  specific  applications  and  use  well  established  corrosion 
measurement  technigues.  Their  intended  use  is  those  applications 
not  presently  being  served  by  commercially  available  corrosion 
monitoring  systems.  This  paper  describes  work  in  progress  to 
develop  a  high  sensitivity  system  for  benign  environments  such  as 
electronic  and  ordinance  enclosures. 


INTRODUCTION 

Interest  in  corrosion  monitoring  has  grown  in  recent  years 
as  the  real  costs  of  corrosion  becrome  apparent.  These  costs 
include  direct  costs,  such  as  replacement  of  equipment  which  has 
failed  duo  to  corrosion,  and  indirect  costs,  such  as  maintenance 
and  inspection  for  the  purpose  of  minimizing  the  effects  of 
corrosion.  The  science  of  corrosion  prevention  is  now  quite 
sophisticated.  If  the  operatiiug  environment  is  known,  systems 
can  be  designed  so  that  the  effects  of  corrosion  can  be 
minimized.  Yet,  failures  still  occur  and  these  failures  are 
often  the  result  of  an  unexpected  change  in  the  operating 
environment.  Thus,  tlio  purpose  of  a  corrosion  monitoring  system 
is  to  provide  in  ecirly  warning  of  a  change  in  the  expected 
behavior  so  tliat  timely  corrective  action  can  be  taken. 
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There  are  several  excellent  corrosion  monitoring  systems  on 
tl\e  market  today.  These  systems  are  designed  to  operate  in  a 
wide  range  of  environments  and  report  corrosion  rates  and  losses 
to  a  high  degree  of  accuracy.  Chemical  processing  plants 
represent  tlie  primary  application  for  such  systems  where  the 
very  high  cost  of  tlie  equipment  being  protected  can  justify  the 
expense  of  a  sopfiisticated  monitoring  system. 

Many  additional  applications  exists  where  corrosion 
monitoring  would  be  valuable,  but  use  of  presently  available 
systems  cannc't  L)e  economically  justified.  It  was  with  this  need 
in  mind  that  wo  started  a  project  to  develop  a  series  of  low 
cost,  state-of- t!ie-art  monitoring  systems.  Certain  of  the 
concepts  e::ibodied  in  these  novel  sy^stems  are  proprietary.  Tlie 
course  of  our  development  project  has  been  guided  by  the 
following  pritaciples: 

1.  Design  lor  specific  applications.  The  output  of  the 
sensor  in  a  given  application  can  be  predicted  to  within  one  or 
two  orders  of  magnitude.  Tliis  greatly  simplifies  the  design  of 
t]ie  electronic  control  circuits  and  allows  the  elimination  of 
range  switches. 

2.  Use  established  corrosion  monitoring  techniques.  This 
is  primarily  to  aid  user  acceptance. 

3.  f<e-design  sensor  heads  to  allow  their  manufacture  by 
photofabrication.  Tliis  permits  low  cost,  higli  precision 
replication  of  the  sensors.  Precision  photofabrication  is  also 
what  we  do  best. 

4.  Design  dedicated  electronics  matched  to  the  sensor 
output.  Tliis  results  in  simple  functional  circuits  which  are 
inherently  lower  in  cost  than  those  designed  to  accommodate  a 
wide  range  of  sensor  designs. 

5.  Provide  innovative  read-outs  to  reduce  technical 
knowledge  required  by  the  user.  In  many  potential  corrosion 
monitoring  applications,  the  user  will  not  be  a  trained  corrosion 
engineer.  It  is  important,  nevertheless,  to  clearly  alert  him  to 
tne  existence  of  an  abncrmal  situation  in  which  tlie  advice  of  a 
know'ledgoab..e  person  is  required. 


MEASUKIMG  PRINCIPLES 

Many  different  techniques  have  been  developed  over  tt'.e  y't'ars 
to  HKiasure  corrosion.  Sensors  described  in  tliis  paper 
conci.rrently  use  r.wo  different  techniques;  electrical  resistance 
and  linear  polarization  resistance. 
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Electrical  Resistance  -  The  electrical  resistance  (EK) 
method  of  monitoring  corrosion  has  been  around  for  several 
decades.  A  metal  shape  of  uniform  cross  section  is  exposed  to 
the  operating  environment.  As  corrosion  proceeds,  the  cross 
section  is  reduced  which  causes  an  increase  in  the  electrical 
resistance  of  the  shape.  As  shown  in  Table  1,  the  law  of 
parallel  resistors  can  be  applied  to  this  situation  and  solved 
for  the  thickness  loss.  The  corrosion  data  output  from  this  type 
of  measurement  is  cumulative  metal  loss  which  can  be  converted 
into  a  corrosion  rate,  if  desired,  by  accounting  for  the  time 
interval  between  readings. 


Electronically,  the  primary  signal  output  from  this  type  of 
sensor  is  an  electrical  resistance  value  which  can  be  measured  by 
any  of  the  commonly  used  techniques.  This  measurement  can  be 
processed  by  the  circuit  to  yield  a  voltage  which  is  proportional 
to  cumulative  metal  loss. 


Linear  Polarization  Resistance  -  Linear  polarization 
resistance  (LPR)  is  also  a  well  established  method  for  monitoring 
corrosion.  A  small  bias  voltage,  Ea,  applied  between  two 
electrodes  causes  a  current,  Im,  to  flow  between  them  (see  Table 
2,  Eqn.  [1]).  The  ratio  between  them  is  called  the  polarization 
resistance,  Rp,  and  is  inversely  proportional  to  the  corrosion 
current,  Ic,  The  corrosion  current  can  be  equated  to  a  mass  loss 
rate,  Eqn.  [3],  or  a  corrosion  rate,  Eqn.  [d].  The  expression 
can  be  greatly  simplified,  without  an  unacceptable  loss  of 
accuracy,  so  that  the  corrosion  rate  can  be  equated  to  the 
measured  current  through  a  proportionality  constant,  K,  Eqn. 

[6,  7].  Thus,  the  LPR  technique  yields  an  instantaneous 
corrosion  rate;  this  is  in  contrast  to  the  ER  technique  which 
yields  cumulative  metal  loss.  Each  quantity,  however,  can  be 
approximately  converted  to  the  other  by  accounting  for  the  time 
interval . 


The  electronic  control  circuit  for  LPR  measurements  must  be 
capable  of  applying  a  steady  bias  voltage  to  the  sensor  and 
measuring  the  current  necessary  to  maintain  that  voltage.  This 
current  level  can  then  be  processed  by  the  circuit  to  a  voltage 
directly  proportional  to  the  instantaneous  corrosion  rate. 

Further  processing  can  be  done  to  yield  the  current-tine  integral 
(coulombs)  which  is  directly  proportional  to  cumulative  metal  loss, 


SENSOR  DESIGN 


Figure  1  shows  one  of  the  early  sensors  designed  in  this 
project.  It  consists  of  two  distinct  adjacent  traces,  or 
electrodes.  Each  trace  starts  out  in  a  broad  area,  reduces  to  a 
narrow  serpentine  section,  and  then  opens  up  to  a  broad  area  once 
again.  The  broad  areas  are  for  tlie  LPR  measurements;  the  sensor 
output  in  this  mode  is  directly  proportional  to  exposed  area. 

The  serpentine  parts  are  for  the  ER  measurements.  One  trace  is 
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exposed  to  the  environment,  the  other  shielded  to  provide 
temperature  compensation.  Since  the  purpose  of  this  design  was 
proof  of  concept,  it  was  deliberately  made  oversized  so  as  to 
supply  strong  signals  to  the  electronics  which  ware  being 
concurrently  developed. 

The  output  of  dual  mode  sensors  of  this  type  can  be 
quantified  using  the  relationships  in  Tables  1  and  2.  A  standard 
computer  spreadsheet  program  can  therefore  be  used  as  a  design 
aid  for  both  sizing  the  sensor  and  predicting  the  interactions 
between  the  ER  and  LPR  areas.  Table  3  shows  a  sample  of  this 
spreadsheet  for  the  sensor  shown  in  Figure  1.  Rows  1-8  contain 
the  constants  for  the  particular  sensor/application  combination. 
Rows  10  -  13  allow  prediction  of  the  LPR  output  current  as  a 
function  of  sensor  geometry  and  bias  level.  Rows  15  -  20  are  for 
design  of  the  ER  part  of  the  sensor.  Finally,  cells  F20,  B24  and 
B25  show  the  geometric  interference  each  part  of  the  pattern  ( ER 
and  LPR)  has  on  measurements  produced  by  the  other. 


SENSOR  FABRICATION 

Sensors  are  fabricated  using  standard  pliotof abrication 
techniques  similar  to  those  used  in  circuit  board  manufacture. 

The  first  step  is  artwork  preparation  in  which  an  oversized 
rendition  of  the  sensor  pattern  is  prepared  by  any  of  several 
suitable  methods.  The  artwork  is  photo- reduced  to  final  size  and 
replicated  to  yield  a  working  negative.  Concurrently,  the  metal 
foil  is  prepared  by  laminating  it  to  a  carrier,  usually  Kapton, 
and  coated  with  a  photo-resist,  a  light  sensitive  chemical.  The 
negative  and  foil  are  brought  into  intimate  contact  and  given  a 
controlled  exposure  to  ultra-violet  light  which  alters  the 
chemical  structure  of  the  resist.  A  chemical  dip  is  used  to 
remove  the  resist  from  the  exposed  areas  after  which  the  laminate 
is  sprayed  with  ferric  chloride  or  other  etchant  which  dissolves 
all  the  metal  except  that  which  is  still  covered  by  the  resist. 

A  second  chemical  dip  removes  the  remaining  resist.  The  sensor 
is  now  ready  for  quality  inspection,  terminations  and  testing. 


ELECTRONICS 

The  electronic  control  circuit  consists  of  three  major 
components;  The  LPR  circuit,  the  ER  circuit  and  the  display. 
These  can  be  designed  around  the  predicted  sensor  output  range 
calculated  in  the  spreadsheet. 
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Ll'K  Circniit  -  A  vory  sinipli^  op-amp  Pasc.'d  potcntiostat 
circuit,  as  :  list  (uu'iishod  uy  Baboian  in  Materials  I'orforrnanco, 
is  shown  in  i  louii'  .  It  is  intended  for  tiiree  electrode  work, 
with  t.he  bias  \''lt.ape  beinq  set  at  I’l  and  the  output  current 
monitored  .it.  A.  An  enhaiu'ed  version  of  this  circuit,  created 
for  the  e  Vei't  t  ■  >11  L  e  uevelopnieut  part  of  the  project,  is  shown  in 
Fiqure  It  e.ui  ee  confiqured  by  dip  switch  settings  to 

function  a,s  .i  two  or  three  electrode  potentiostat  or  as  a  zero 
resistans'e  ammeter,  .according  to  the  needs  of  the  particular 
experiment.  it  lis.e  luis  a  signal  capture  range  of  about  seven 
orders  oi  .lan  l  taoc'  ana  e'.an  either  measure  the  current  directly 
or  .supply  .;  \olt<!..'e  proportional  to  the  c.easured  current.  T}ie 
final  circuit  lor  tne  Id’K  sensors  will  be  i:iid-way  in  complexity 
betwcH'ii  Lnese  twn  circuits. 


I.K  Circuit  -  .A  simple  bridge  circuit  suitable  for  measuring 
tiie  response  of  the  liR  portion  of  the  sensor  is  s’nown  in  Figure 
•1.  This  circuit  f'roduces  an  outpiit  voltage  proportional  to 
differential  input  resistance.  Circuits  of  this  typo  are 
conunonly  used  in  strain  gage  work.  Since  a  goal  of  this  pro ject 
is  to  miniaturi;:e  the  sensors  to  tlie  gn'atest  degree  practical. 

It  is  possioic'  tliat  tlH^  1;r  trace  resistance  could  be  of  the  same 
order  of  magii  L tudi.'  as  tht'  lead  win'  resistance.  This  could 
necessitate'  tiie  use  of  tlie  so-called  four-wire  technique  to 
measure  nrsistance  in  order  to  back  out  the  lead  wire  resistance. 
This  technique  .involves  putting  <i  constant  current  througli  the 
resistor  trace  witii  one  pair  of  lead  wires  and  ineasuring  ttio 
resultant  voltage  drop  across  the  resistor  through  a  very  high 
inpuit  impedance  mc'ter  with  the  otlier  pair  of  lead  wires. 


nispla V  -  A  stated  goaf  of  this  project  is  to  reduce  the 
technical  knowledge  required  oy  users  of  tlieso  sensors.  The 
display,  ttioreforo,  must  provide  ein  indication  of  when  things  are 
"normal"  as  well  as  a  stronger  indication  of  when  things  become 
"abnormal".  A  useful  analogy  can  bo  found  in  the  engine  idiot 
lights  on  an  automobile  which  provide  an  alarm  wiii'n  a  condition 
exists  requiring  the  .lorvicos  of  someone  knowledgeable  in 
automotive  media n i c s . 

.\t  the  present  st.igc.'  oi  develc.ipment ,  tli<'  Idf  and  Ll'}\  circuits 
are  being  di'siqnod  to  supply  a  voltage  siijnal  prof>ortional  to  the 
cumulative  metal  loss  (ITl)  and  the  instant.ineous  corrosion  rate 
( LPH )  .  These  voltages  will  thi'ii  be  tlis|)Jayed  on  a  twin  hCP 
bar  graph.  It  the  roadinii  e,' coeds  a  presi't  alarm  level,  tlie 
di.splay  w'ill  latch  into  a  bl.i.nking  modi'.  This  >iispla\'  ti'ciinigue 
will  provide  one  signific.int  liiiit  oi  corrosion  data.  V.hile  thi.s 
levifl  of  ri'soluLion  L.s  clearl'/  not  sufficii'iit  for  la t ’Oia tor\'  or 
d(..'veiopi,'U..'n L  work,  it,  is  considereii  .hi<.'i|u,\ l.e  for  tin'  iui.eiKied 
f3ur[.H.nse  of  t.he.si'  sensor.s;  to  i  ne.xi  .ensi\'el>'  fuovide  .i  wMiniiiig  lU 
cibnormal  or  uiu'.'-.pi'f '1,0,1  eoiiesLon  .letivify. 
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Additionni  si()ii‘il  processing  circuits  can  be  added  to 
convert  the  Id-;  measured  cumulative  loss  to  interval  or  cumulative 
corrosion  rates.  Siip.iiarly,  the  LPk  measured  instantaneous 
corrosion  rate  can  be  converted  to  interval  or  cumulative  metal 
loss.  An  advantage  to  tlie  conv^ersion  step  is  that  it  will  allow 
tlie  direct  coinparison  of  the  same  quantity  measured  by  two 
independent  metliods.  A  disadvantage  is  that  it  adds  to  the  cost 
and  complexity  of  the  electronics.  Also,  it  is  well  known  in  the 
corrosion  field  that  such  simple  numerical  conversions  of  one 
ty'pe  measurement  to  anotlier  can  be  fraught  with  danger  if  they  are 
performed  witiiout  a  sound  understanding  of  v>^hat  is  actually' 
happening  on  tlie  sensor  surface. 


I'.'ORK  'I'O  DAl'l^ 


K.' 


v. 

■. 

V 


Proof  of  Concept  Experiments  -  The  sensor  pattern  shown  in 
Figure  1  and  described  in  Table  3  was  fabricated  in  GO/TO  copper 
nickel  and  tested  for  sixty  days  in  aerated  ASTM  synthetic 
seawater.  The  enhanced  potentiostat  previously'  describf'd  was 
used  for  LPK  measurements  while  the  four  wire  method  was  used  for 
ER  measurements.  A  set  of  weight  loss  panels  was  concurrently- 
exposed  for  verification.  ER  and  WL  data  w'as  converted  to 
interval  corrosion  rates  so  as  to  allow  direct  comparison  wiLh 
the  LPR  measured  rates.  Good  agreement  was  noted  among  in  the 
results  obtained  by  the  various  methods,  as  shown  in  Fi'iure  h. 

The  upturn  in  corrosion  rates  noted  towam.i  the'  cno  in  ti-.e 
experiment  was  a  fortuitous  artifact  of  tm.'  test  setai  .  hi' 
copper  concentration  in  the  tank  contimu'd  to  iirn'oa.'U'  o.ii  ino  tui 
test  and,  since  the  tank  was  well  ac'rat«-d,  cupric  cm-.s  -.M-rc  i:c 
most  likely  species.  Tlie  cupric  ion  ilsci;  (mi,  .itd.ac':  ci  a  i  i  a 
matal  surfaces,  a  reactioii  which  is  put  ;c  a ..  id  u.si'  i:: 
photofabrication  business.  'i'he  r.ost  priie.ii  ii'  l'■^i  J, ic;,  '■  '  .  i' 

increased  corrosion  rates  toward  t  he  ct.a  t  •  :  c:  •.  i:  t  , 

secondary  attack  by  cup'ric  ions. 
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the  not  unexpected  result  that  large  aspect  { width: thickness ) 
ratios  gave  more  accurate  results  since  it  minimized  the  effect 
of  attack  on  the  trace  side  wall.  The  limit  to  miniaturizing 
this  part  of  the  sensor  will  depend  primarily  on  the  detection 
limits  of  the  ER  circuit. 


A  prime  requirement  for  the  LPR  part  of  the  sensor  was  that 
it  be  able  to  detect  corrosion  activity  in  high  humidity 
environments.  Translated  to  corrosion  terms,  this  means  that  the 
corrodent  would  have  a  very  high  resistivity  so  solution  IR  drop 
could  interfere  with  the  readings.  This  effect  can  be  minimized 
by  minimizing  the  distance  over  which  the  ionic  current  must 
travel  when  the  sensor  is  energized.  In  geometric  terms,  the  gap 
between  the  electrodes  should  be  as  small  as  possible. 

Similarly,  the  electrode  width  should  also  be  small  to  ensure 
that  the  entire  surface  of  the  electrode  participates  in  the 
reaction,  not  just  the  edges  near  the  gap. 


These  considerations  were  experimentally  verified  by 
preparing  three  patterns,  all  with  the  same  exposed  area. 

Sensors  were  fabricated  from  2  mil  steel  foil.  Pattern  C,  shown 
in  Figure  6,  had  a  60  mil  trace  with  a  15  mil  gap.  The  active 
area  is  the  two  parallel  bars  in  the  center;  the  rest  of  the 
pattern  are  termination  leads  or  gage  marks  which  were  masked 
before  testing.  Pattern  B  was  identical  to  pattern  C  except  that 
the  gap  was  reduced  to  3  mils.  Pattern  D,  shown  in  Figure  7, 
kept  the  3  mil  gap  but  reduced  the  trace  width  from  60  mils  to  6 
mils.  It  was  necessary  to  use  an  interdigitated  shape  for  the 
electrodes  in  pattern  D  so  that  metallic  IR  drop  would  not 
interfere  with  the  operation. 


The  sensors  were  tested  for  30  days  in  aerated  distilled 
water  which  would  be  similar  in  corrosivity  to  atmospheric 
condensation.  The  results,  shown  in  Figure  8,  verified  that 
small  is  better  as  the  fine  geometry  sensors  gave  a  stronger 
signal  than  those  with  coarser  features.  The  heightened 
sensitivity  of  pattern  D  vs.  C  is  believed  to  be  strictly  due  to 
the  reduced  gap  width  of  the  former.  The  results  from  pattern  D 
reflect  both  the  reduced  trace  width  and  a  side  wall  effect. 


The  plan  view  area  of  the  three  sensors  (length  times  width) 
was  identical:  0.774  sq.  cm.  The  area  of  the  side  walls  is  also 
available  for  reaction  and  hence  will  contribute  to  the  current 
output.  Since  the  patterns  were  etched  from  2  mil  foil,  the  B 
and  C  electrodes  had  an  effective  width  of  64  mils  (60+2+2) 
which  gives  an  actual  reaction  area  of  about  0.83  sq.  cm. 

Pattern  D  has  an  effective  trace  width  of  10  mils  (6+2+2) 
which  gives  an  actual  area  of  1.29  sq.  cm.  Thus,  if  all  other 
conditions  were  equal,  the  side  wall  effect  alone  would  cause 
pattern  D  to  put  out  about  50%  more  current  than  patterns  B  or  C. 
The  rest  of  the  increased  current  output  of  pattern  D  can  be 
attributed  to  the  effect  of  the  narrower  trace. 
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FUTURE  WORK 


The  next  step  in  this  project  is  to  recombine  the  ER  and  LPR 
patterns  into  a  single  composite  pattern.  Unlike  the  composite 
pattern  shown  in  Figure  1  which  has  the  ER  trace  in  the  middle  of 
the  LPR  trace/  the  new  pattern  will  have  the  ER  and  LPR  portions 
located  in  separate  areas  of  the  sensor  surface.  One  reason  for 
the  change  is  to  eliminate  the  geometric  interference  shown  in 
Table  3.  The  other  reason  is  to  eliminate  electronic 
interference  between  the  two  modes  during  reading  events.  The 
new  pattern  will  have  four  or  seven  lead  wires,  depending  on  the 
ER  measurement  technigue  selected.  It  appears  very  likely  that 
the  new  sensor  pattern  will  occupy  an  area  about  the  size  of  a 
commemorative  postage  stamp.  Other  remaining  tasks  include 
investigation  of  various  surface  treatments  to  enhance  sensor 
sensitivity,  qualification  tests  in  which  the  sensor's  response 
is  measured  as  a  function  of  relative  humidity,  and  correlation 
tests  to  relate  the  sensor's  response  to  weight  loss  corrosion 
rates  of  many  common  metals. 


Proceedings;  1987  7'ri-Scrvice  Corrosion  Conference 


Low  Cost  Corrosion  Sensors 


P.  9 


Table  1  -  Cal  cut  at  i on  of  Thichness  Loss  from 

Electrical  Resistivity  Measurements. 


Appreach:  Treat  as  parallel  resistors  where  R.  =  initial 

resistance,  R  =  resistance  of  the  corroded 
'  c 

portion,  R^  --  resistance  of  the  remaining  portion. 


For  d  much  less  than  t,  the  cross  section  of  the 
corroded  area  can  be  approximated  by  a  slab 
d  thick  by  (w.  +  2t )  wide.  Therefore 
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Table  2  Calculation  of  Corrosion  Rate  from 

Linear  Polarization  Resistance  Measurements 


When  a  small  bias  voltage,  Ea,  is  applied  between  two  electrodes, 
a  measureable  current,  Im,  will  flow.  For  bias  voltages  less 
than  about  20  mV,  the  current  will  be  directly  proportional  to 
the  voltage.  This  proportionality  is  termed  the  polarization 
resistance,  Rp,  and  is  inversely  proport i ona!  to  the  corrosion 
current,  Ic.  The  proportionality  constant  is  known  as  the 
polarization  constant,  B: 

dEa/dlm  =  Rp  =  B/!c  [lj 

For  the  case  when  Im  =  0  when  Ea  =  O,  equation  [1]  reduces  to: 

Ea/ Im  ^  Rp  B/Ic  [2] 

The  corrosion  current  can  be  directly  converted  to  a  mass  loss 
rate,  MLR,  by  means  of  a  proportionality  constant  known  as  the 
Electrochemical  Equivilant,  EE: 

MLR  =  (EE)*( Ic)  [3] 

Mass  loss  rate  is  converted  to  corrosion  rate  by  accounting  for 
the  area.  A,  and  density,  0,  of  the  metal: 

CR  =  MLR/(A*D)  [k-] 

Substituting  equations  [2]  and  [j]  into  equation  [u],  the 
corrosion  rate  can  be  expressed  in  terms  of  constants  or  dirctly 
measurable  quantities: 

CR  ^  [  (  EE  Im)  J/l  A*D*(  Ea  )  J  [5] 

In  a  given  experimental  setup,  EL,  B,  A,  and  0  would  be 
constants.  Therefore : 

CR  =  K*( Im)/ (Ea)  [  6] 

If  Im  -  0  when  Ea  -  O,  then  Ea  can  also  be  set  as  a  constant : 

CR  =  K'  *(  I m)  [7] 
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Table  3  Sample  output  from  computer  spreadsheet  used  to 


design  the  prototype  corrosion  sensors. 


Rows  5 
Rows  1 1 
Row  13 


8:  Input  material  constants. 

-  12:  Input  LPR  design  variables. 

Output  sensor's  LPR  response. 

Input  ER  design  variables. 

Output  choke  point  resistance. 

Output  resistance  of  LPR  portion  and 
area  of  choke  point. 

Row  20:  Output  total  trace  resistance  and 
percent  contribution  of  LPR  portion. 

Row  PL:  Output  LPR  constant ,  LPR  trace  only. 
Row  25:  Output  LPR  constant ,  total  trace. 


Row  1 6 
Row  17 
Row  1  9 


A  :  :  B  :  :  C  :  :  D  : 

Sensor  Sizing  SS,  Variable  Input 
Final  Design:  2/18/85 
L,WSA=LPR  dim'n;  1 , wSa=ER  dim'n 


E 

CuNi 


:  :  F: 


4 

5 

Alloy: 

CuNi706  Density:  8.94  gm/cc 

6 

Media : 

Seawater  ElRes:  19. 10  uOcm 

7 

B,  mV: 

26  ElChmEqv:  .000327  gms/coul 

6 

Thk , mi Is : 

10.00 

10 

LinPolRes 

Outputs  -  Variable  Inputs 

1 1 

CR , mpy : 

1 . 00  #v; 

,  in :  . 490 

12 

#Bias , mV : 

10  #L 

, in ;  10. 000 

13 

I meas , uA : 

26.82  #A,sqin:  4.900 

14 

15 

ElRes  Outputs  -  Variable  Inputs 

16 

w , mi Is : 

30.00  1 

,in:  22.963 

17 

R , ohms : 

.  576 

18 

R , ohms , 

For  LPR  trace 

using  dimensions 

19 

at 

#  above  : 

.015  a,sq.in:  .689 

20 

Tot  R/tr ace , ohms : 

.591  %Rlpr:  2.60 

21 

22 

K'  Calculation 

23 

For  inputs  at  U  above 

24 

mpy/ uA : 

.037  LPR 

only 

25 

m  p  y  /  u  A  : 

.033  LPR 

and  ER 
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Figure  /  Early  proof-of-concept 

sensor.  The  broad  bands  are  the 
LPR  reaction  areas;  the  serpentine 
traces  are  the  ER  reaction  areas. 
The  center  serpentine  is  masked 
from  the  environment;  its  function 
is  to  provide  temperature 
compensation  to  the  exposed 
trace. 


Both  photos  approximately  1/2  V, 


Figure  3  Enhanced  version  of  potent  iostat  shown  in  figure  2. 

Changes  inc/uacd:  addition  of  resistors  to  convert  response 
current  to  voltage;  input  offset  bias  aa  justment  for  the 
op-amp;  a  more  sensitive  bias  voltage  setting;  additional 
switches  to  configure  the  circuit  for  use  as  a  two  or  three 
electrode  potent  iostat  or  as  a  xero  resi.-:tance  a'cncter. 
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Bridge 

Balance 

Resistor 


Bridge 

Completion 

Resistor 


Figure  4  Typical  Bridge  Circuit.  The  output  si 
this  circuit  is  proportional  to  the  di 
resistance  between  the  active  and  the 
The  resistance  of  the  active  trace  inc 
metal  is  lost  to  corrosion.  The  dummy 
shielded  from  the  environment  and  serv 
compensate  for  changes  in  resistance  d 
temperature  fluctuations. 
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Figure  5  Comparison  of  interval  corrosion  rates  in  synthetic 
seawater  as  determined  by  weight  loss  measurements 
and  the  prototype  sensors  operating  in  the  Electrical 
Resistance  and  Linear  Polarization  Resistance  modes. 
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e _ 6  The  active  area  of  Pattern 

is  the  two  parallel  bars  in  the 
center.  Each  bar  is  60  mils  wid 
by  2  inches  long.  The  gap  betwe 
them  is  15  mils.  Pattern  B  (not 
shown)  is  identical  to  C  except 
that  the  gap  has  been  reduced  to 
3  mils. 


e _ 7  Pattern  0  has  the  same 

area  and  gap  width  as  Pattern  B. 
The  trace  width,  however ,  has 
been  reduced  to  6  mils.  The 
i nterd  i g i tated  arrangement  of 
the  electrodes  shown  i*'as 
necessary  to  reduce  metallic 
IR  drop  in  the  narrow  traces. 
This  ivas  the  most  sensitive 
of  the  patterns  tested  (see 
P  i  gure  6’ ) . 


Low  Cost  Corrosion  Sensors 
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Figure  8 


15 

Days 


Relative  response  currents  of  three  sensor  designs 
showing  the  effects  of  electrode  width  and  gap 
width.  The  reduced  response  of  C  vs.  6  is  believed 
to  be  primarily  due  to  the  effect  of  JR  drop  across 
the  gap.  The  heightened  response  of  D  vs.  B  is 
primarily  due  to  the  side  wall  effect  Tsee  text)  and 
to  a  lesser  extent,  the  reduced  IR  drop  across  the 
electrode  width. 
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A  Corrosion  Data  Workshop  attracted  sixty  experts  from  a  variety  of  disci¬ 
plines  (^).  Discussions  centered  on  (a)  how  corrosion  data  are  used  ,  (b)  who 

uses  corrosion  data,  (c)  sources  of  corrosion  data,  (d)  how  can  existing  data 
be  made  more  useful,  (e)  how  to  evaluate  corrosion  data,  (f)  what  types  of 
corrosion  data  are  most  useful,  (g)  requirements  for  establishment  of  a 
standard  format  for  reporting  corrosion  data  to  facilitate  database  develop¬ 
ment  and  (h)  database  user  benefits.  These  discussions  have  provided 
direction  to  the  corrosion  data  program  in  its  efforts  to  address  the  needs  of 
industry  and  the  corrosion  community  in  general. 


Current  activities  center  on  the  following: 


1.  Establishment  of  consensus  guidelines  for  compilation  of  corrosion 
data  from  multiple  sources  to  assure  meaningful  database  output.  This 
includes  adequate  material,  environment  and  corrosion  data  descriptors 
with  assurance  of  compatibility  with  other  material/performance  data¬ 
bases.  Broad-based  guidance  is  gained  through  Task  Groups  within  both 
NACE  and  ASTM. 


2.  Development  of  corrosion  data  evaluation  techniques  and  procedures  to 
insure  accuracy  and  consistency  in  compiled  data  outputs. 


3.  Development  of  database  output  formats,  both  tabular  and  graphic,  to  aid 
user  in  understanding  and  interpretation  of  complex  corrosion  data. 


A.  Software  development  to  utilize  thermodynamic  stability  concepts  for 
data  interpolations. 


5.  Software  addressing  complex  calculation  of  economics  considerations  in 
materials  selection  for  corrosion  control. 


6.  Computerized  indexing  of  corrosion  literature 


7.  Development  of  expert  systems  to  guide  problem  solving  in  materials 
selection  for  critical  applications  where  corrosion  is  a  key  factor. 


References 


•J  .  H.  Payer  e‘L  al  ,  "Economic  Effects  of  Metallic  Corrosion  in  the 
United  States".  NBS  Special  Publications  511-1  and  511-2,  May  1578 


2.  E,  D.  Verink,  J.  Kolts,  J.  Rumble  and  G.  M.  Ugiansky,  "Corrosion  Data 
Program  Workshop  Summary",  Materials  Performance.  April  1987,  pp  55-60 


■■  V  1 

J-"' 


•.■■■/-/I 


o  O' 


>  J 


O  • '  x. . 


m 


:':v:y 


'' 


>  AV- 


.•  w*  -1 

s'  *.  s’  'w  N  s  •.  J 

■  ■-•o'.'-'.'-  .  V’-  • 

.  .N'.-.  .  •.V.x-.v-  xy  v  y.' X  V-  • 


BIOGRAPHY 


NAME: 


David  B.  Anderson 


PRESENT  AFFILIATION: 


TITLE: 


Corrosion  Group 
National  Bureau  of  Standards 
Gaithersburg,  MD  20899 


Physical  Scientist 


FIELD  OF  INTEREST/RESPONSIBILITIES  : 

Corroaion  ,  database  development 


•jN.Ti. 


V.v?.-: 


''>yA 

V  V 

VW"! 


PREVIOUS  AFFILIATIONS /TITLES: 

International  Nickel  Co.  various  positions  in  corrosion  research  and 


ACADEMIC  background: 


marketing 


B.  S.  Yale  University 
Graduate  Studies  - 


North  Carolina  State  Univ. 


SOCIETY  activities/offices/awards : 


Active  in  NACE  and  ASTM 


PUBLICATIONS /PAPERS : 


24  papers 


•.*?  us  GOVE«NMFNl  PRtNTING  Offlff  1>^H7  MS  OS4  flCH) ’ ? 


/  Aich 


Vv>< 

r 


•  W  ■ '  ■ 


.--'.•w'.V'i 


